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FOREWORD

This report was prepared by ManLabs, Inc. with the assistance
of the Non-Destructive Teating Group at Avco Missile Systems Division,
Lowell, Massachusetta, Avco personnel involved in this study included
E.A. Proudfoot, R. Gaudette, G. Lockyear and Dr., R. Stinebring.
This contract was initiated under Project 7312, *"Metal Surface Deterioration
and Protection', Tasgk 731201, "Metal Surface Protection' and Project
7350, '""Refractory Inorganic Nonmetallic Materials', Task Nos. 735001,
"Refractory Inorganic Nonmetallic Materials: Nongraphitic'', and 735002,
"Refractory Inorganic Nonmetallic Materials: Graphitic', under AF33
(615)-3859 and was administered by the Metals and Ceramics Divisions
of the Air Force Materials Laboratory, Air Force Systems Command,
with J. D. Latva, J. Krochmal,and N. M, Geyer acting as project engineers.

This report covers the period from April 1966 to July 1969.

ManLabs personnel participating in this study included L. Kaufman,
H. Negor, H., Bernstein, E. Peters, J.R. Baron, G, Stepakoff, R. Pober,
R, Hopper, R, Yeaton, S. Wallerstein, E, Sybicki, J. Davis, K. Meaney,
K. Ross, J. Dudley, E. Offner, A. Macey, A, Silverman, and A. Consatantino,

The manuscript of this report was released by the authors September
1969 for publication. This technical report has reviewed and is

approved.
(. . Ramke

Chief, Ceramics and Graphite Branch
Metals and Ceramics Division
Air Force Materials Laboratory

The following reports will be issued under this contract:
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I-1 Summary of Results
II-1 Facilities and Techniques Employed for Characterization
of Candidate Materials
II-11 Facilities and Techniques Employed for Cold Gas/Hot Wall Tests
1I-111 Facilities and Techniques Employed for Hot Gas/Cold Wall Tests
I1I-1 Experimental Results of Low Velocity Cold Gas/Hot Wall Tests
III1-11 Experimental Results of High Velocity Cold Gas/Hot Wall Tests
1I1-111 Experimental Results of High Velocity Hot Gas/Cold Wall Tests
IvV-1 Theoretical Correlation of Material Performance with

Stream Conditions
Iv-1I Computer Calculation of the General Surface Reaction Problem
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hypereutectic carbide~graphite composites, refractory metals, coated
refractory metals, metal oxide composites and iridium coated graphites
in air over a wide range of conditions was studied over the spectrum of
conditions encountered during reentry or high velocity atmospheric flight
as well as those employed in conventional furnace tests. Elucidation of
the relationship between hot gas/cold wall (HG/CW) and cold gas/hot wall
(CG/HW) surface effects in terms of heat and mass transfer rates at high

ABSTRACT |
!
The oxidation of refractory borides, graphites, and JT composites, ' I
i
|
temperatures was a principal goal of this investigation, a |

able processing information is included, Characterization of materials
waa performed by qualitative spectrographic, wet chemical and vacuum (or

’ inert gas) fusion, metallographic, X-ray, electron microprobe and pycno-
metric analysis. Standard analysis of refractory boride, carbide and
silicide composites were employed. However, considerable difficulties
were encountered in the chemical analysis of JT graphite composites due
to formation of ZrSiO4 or HfSiO4 on combustion, In order to avoid this
complication a novel method was developed.

Nondestructive testing of candidate materials included radiography,
gamma radiometry, die penetrant inspection and measurement of ultra-
sonic velocity. Film radiography was used to detect the presence of voids,
inclusions and local gross changes in composition, Radiometric density
gauging used to measure local densities within each specimen and alcohol
penetrant tests were employed to disclose tight surface cracks which are
not visible at moderate magnifications.

The measurement of ultrasonic velocity was utilized for establish-
ing correlations between quantitative NDT measurements and material
properties, Process variations leading to modulus changes, (such as
preferred orientation in elastically anisotropic materials or small
amounts of "stiffening" impurities) change sound velocity. These tech-
niques are capable of a precision of sbout 1%. Moreover, ultrasonic )
energy is reflected at solid material/air interfaces. Such interfaces
exist at cracks, bursts, voids, stc., present in solids.

This report describes the candidate materials which were obtained r
from commercial sources and represent state of the art materials., Avail- ;

- The results of nondestructive testing of samples p:'ior to arc
plasma testing is reported. Test results are provided for a series

of hemispherical shells of diboride composites. Graphite composites,
silicon carbide and hafnium-tantalum alloy were also tested prior to
exposure. In several instances, flaws which caused failures on expo-
sure were detected by means of dye penetrant and radiographic techniques.
The latter methods proved to be most effective of the NDT techniques em-~
ployed in this study.

This abstract is subject to special export controls and each trans- :
mittal to foreign governments or foreign nationals may be made only with ‘
prior approval of the Air Force Materials Laboratory (MAMC), Wright
Patterson Air Force Base, Ohio 45433,
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I INTRODUCTION AND SUMMARY

A, Introduction

The response of refractory materials to high temperature
oxidizing conditions imposed by furnace heating has been observed to
differ markedly from the behavior in arc plasma "reentry simulators'.
The former evaluations are normally performed for long times at
fixed temperatures and slow gas flows with well defined solid/gas-
reactant/product chemistry, The latter on the other hand are usually
carried out under high velocity gas-flow conditions in which the energy
flux rather than the temperature is defined and significant shear forces
can be encountered. Consequently, the differences in philosophy, ob-
servables and techniques used in the ""material centered" regime and
the "environment centered-reentry simulation'' area differ so signi-
ficantly as to render correlation of material responses at high and
low speeds difficult if not impossible in many cases, Under these.
circumstances, expeditious utilization of the vast background of
information available in either area for optimum matching of existing
material systems with specific missions or prediction and synthesis
of advanced material systems to meet requirements of projected
missions is sharply curtailed.

In order to progress toward the elimination of this gap,
an integrated study of the response of refractory materials to oxida-
tion in air over a wide range of time, gas velocity, temperature and
pressure has been designed and implemented, This interdisciplinary
study spans the heat flux and boundary-layer-shear spectrum of con-
ditions encountered during high velocity atmospheric flight as well as
conditions normally employed in conventional materials centered in-
vestigations. In this context, significant efforts have been directed
toward elucidating the relationship between hot gas/cold wall{(HG/CW) -
and cold gas/hot wall(CG/HW) surface effects in terms of heat and mass
transfer rates at high temperatures, so that full utilization of both types
of experimental data can be-made. In gaseous and solid oxide formation,
the elucidation of various mass transfer reaction regimes have been
studied.

. The principal goal of this study is the coupling of the
material-centered and environment-centered philosophies in order
to gain a better insight into systems behavior under high-speed
atmospheric flight conditions. This coupling function has been pro-
vided by an interdisciplinary panel composed of scientists represent-
ing the component philosophies., The coupling framework consists of
an intimate mixture. of theoretical and experimental studies specifically
designed to overlap temperature/ energy and pressure/velocity condi-
tions. This overlap has provided a means for the evaluation of test
techniques and the performance of specific materials systems under a
wide range of flight conditions. In addition, it provides a base for
developing an integrated theory or modus operandi capable of




translating reentry avsteme reguircmenis such as velocity, altitude,
configuration and lifetime into requisite materials properties as
vaporization rates, oxidation kinetics, density, etc.,, over a wide
range of conditions.

The correlation of heat flux, stagnation enthalpy, Mach
Number, stagnation pressure and specimen geometry with surface
temperature through the utilization of thermodynamic, thermal and
radiational properties of the material and environmental systems used
in this study was of prime importance in defining the conditions for
overlap between materials-centered and environment-centered tests,

Significant practical as well as fundamental progress along
the above mentioned lines necessitated evaluation of refractory mater-
ial systems which exhibit varying gradations of stability above 2700°F,
Emphasis was placed on candidates for 3400° to 6000°F exploitation.
Thus, borides, carbides, boride-graphite composites (JTA), JT
composites, carbide-graphite composites, pyrolytic and bulk graphite,
PT graphite, coated relractory metals/alloys, oxide-metal composites,
oxidation resistant refractory metal alloys and iridium-coated graphites
were considered., Similarly, a range of test facilities and techniques in-
cluding oxygen pickup measurements, cold sample hot gas and hot sample
cold gas devices at low velocities, as well as different arc plasma facili-
ties capable of covering the 50-2500 BT U/ftésec flux range under condi-
tions equivalent to speeds up to Mach 12 at altitudes up to 200, 000 ft were
employed, Stagnation pressures between 0,001 and 10 atmospheres
were covered, Splash and pipe tests were performed in order to evaluate
the effects of aerodynamic shear, Based on the present results, this
range of heat flux and stagnation enthalpy produced surface temperatures
between 2000° and 6500°F,

B, Summary

The candidate materials employed in the current study were
obtained from commercial sources and represent state of the art mater-
ials. An attempt was made to obtain processing information from each
supplier. This was not possible in all cases due to requirements for
preserving proprictary manufacturing information. However, manu-
facturing procedures were obtained on some cases,

Characterization of candidate materials was performed by
means of qualitative spectrographic, wet chemical and vacuum (or inert
gas) fusion, metallographic, X-ray, electron microprobe and pycnometric
analysis. Inrost cases, these analyses were performed at ManLabs,

Inc. In addition, some wet chemical analyses were performed at the
Department of Metallurgy, M.I. T. Qualitative spectrographic analysis was
performed by Jarrell-Ash Co. of Waltham, Massachusetts, while M.I. T,
and Luvak, Inc. of Newton, Massachusetts,carried out vacuum (or inert
gas) fusion analysis.

Standard methods for analyais of refractory boride, carbide
and silicide composites have been employed in performing the wet
chemical analysis, However, considerable difficulties were encountered
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in the chemical analysis of JT graphite composites due to formation of
2r8i04 or HfSiO4 on combustion. In order to avoid this complication,
a novel method was employed for analysis. The details of this method
are reported, ' :

The results of characterization analysis for all of the can-
didate materials is provided in the form of tabular data on chemistry,
density, phase analysis by X-ray diffraction and metallography. Photo-
micrographs of all the candidate materials are provided.

Nondestructive testing of candidate materials was performed
at Avco/SSD. Test methods included radiography, gamma radiometry,
die penetrant inspection and measurement of ulirasonic velocity.

Film radiography wasused to detect the presence of voids, -
inclusions and local gross changes in cormposition such as gross seg-
regation, The through tranamission method is used with the X-ray
source on one side of the specimen and a film (detector) on the other
side. Absorption is a function of the chemistry, the density and thick-
ness. When several elemental components are present, the absorption
coefficient depends on the density and the percentage of each element -
present and the wavelength or "voltage' of the incident radiation, If -
chemistry, density and thickness are constant, the amount of radiation
passing through the specimen will be constant and the film will be
uniformly exposed. However, if foreign included material or segrega-
tion is present, or if the thickness changes (as in the case of a void) -
then the amount of radiation impinging on the film is less than the sur-
rounding image. Radiographic sensitivity depends on the source and
the detector system used, but optimum combinations yield intensity
differences of the order of 1% with resolution down to j-_O. 001 inch.

Gamma radiometry is similar to radiography. In radio-
metric density gauging, a collimated source of radiation is used, and
a confined bean is directed through the specimen impinging on a
scintillation detector. The utility of such measurements for later ap-
plication to large specimens ar parts has been demonstrated; further,
if density appears to be an important variable with respect to oxida-
tion behavior, resolution can be further improved and local densities
determined within each specimen,

Penetrant tests were usad to disclose tight surface cracks
which may not be visible to the naked eye or even at moderate magni-
fications, In practice, any one of anumberof low viscosity fluids is
applied to the surface. The low viscosity fluid is either drawn out by
the use of '"developers' or permitted to seep out naturally to provide
an easily recognigable and enlarged indication of the crack., Alcohol
was used in the present case bhecause it is unlikely to result in any
contamination (some procedures may leave a residue in the crack or
pores present),
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The measurement of velocity presents a means for determin-
ing properties of interest by direct calculation using well known relations,
and by establishing correlations between quantitative NDT measurements
and material properties, In regard to elastic properties, for example,
relationships exist between wave velocities, density and elastic moduli,

Consequently, process variations leading to modulus changes,

‘either total or in a given direction (such as preferred orientation in

elastically anisotropic materials or small amounts of ' stiffening' im-
purities) will show up as a change in sound velocity, In some materials,
depending on the stress-strain relationship, variation in internal stress
levels will also be indicated, These techniques are capable of determin-
ing velocity to a precision of about 1%. Moreover, due to the very large
ultrasonic impedence differences between gases and solid materials,
ultrasonic energy is very efficiently reflected at solid material/air inter-
faces, Such interfaces occur when cracks, buwrsts, voids, etc,, are
present in golids and ultrasonic detection of such flaws is quite commuon.,

Variations in chemical composition, phases present, dis-
tribution of phases, hardness and internal stress result in changes in
the electromagnetic properties of electrically conductive materials,
Thus, the measurement of electromagnetic properties especially in
the near surface layers, could provide a measure of relative oxidation
resistance, This measurement was made by a coil carrying an alterna-
ting electrical signal which is brought into proximity with the electrically
conductive specimen. Eddy currents induced in the specimen were dissgipated
through the action of the resistivity of the material encountered. Reflec-
tion to the exciting coil resuvits in a coil current related to the electro-
magnetic properties of the material in the field induced by the coil,

. The results of nondestructive testing of HfB,, 1 (A-2), ZrB)
(A-3), HfC+C(C-11), ZrC+C(C-12), JTA(D-13), JT0981%F-16) and
Ir/C(I-24) samples prior to arc plasma testing is reported. In addition,
test results are provided for a series of diboride composites exposed in
the Ten Megawatt Arc facility, Hemispherical shells of diboride
composites, graphite composites, silicon carbide and hafnium-tantalum
alloy were also tested prior to exposure in the CAL Wave Superheater,
In several instances, flaws were detected by means of dye penetrant
and radiographic techniques which caused failures on exposure. The
latter methods proved to be most effective of the NDT techniques em -
ployed in this study,
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I, PROCUREMENT OF CANDIDATE MATERIALS

The candidate materials employed in the present study are listed
in Table 1, This listing includes the code number assigned to each
material as well as the source. An attempt was made to obtain proces-
sing information from each supplier. This was not possible in all cases {
due to requirements for preserving proprietary manufacturing informa- 1
tion, The processing techniquea employed in the fabrication of diborides i
(A-6), (A-T), (A-8), (A-9) and [A-10) by hot pressin%techniquea are con- ;
tained in reports generated under AF33(615)-3671 (1)°, The following :
listing surmmarizes the remaining information which was made available ‘
by various suppliers, '

1. HiB, 1(A-2) was prepared by Carborundum from 3 lots
of powder having the following composition: .

Lot No. 4 3 2
Solublc (Hf + Zr) 87.39 87. 640 87. 32
Insoluble {(HfO;) 0.99 0.54 1,64
C 0.44 0. 64 0.10
B 9.86 10,36 10,53
N 0.14 = -ccne ceaa-
Gross B/Me 1.87 1.95 1.99

This powder together with a SiC addition was employed to fabricate
HEB,+SiC(A-4).

2. ZrB(A-3) was prepared by Carborundum from powder
having the following composition:

Soluble (Zx) 80, 43
Insoluble (ZrOp) 0.17
C 1.07
B 18,51
N 1,20

3. LMSC Glassy Carbon (B-11) was. supplied by Lockheed
Palo Alto Research Laboratory as finished samples suitable for arc
plasma testing. The preparation involved molding of a thermosetting
resin to shape with allowance for shrinkage, and a pyrolysis operation.
The maximum heat treatment temperature is either 2000° or 3000°F
and materizals are designated as Grades 2000 or 3000, accordingly,

4, HEC+C(C-11) billets were fabricated by Battelle Memorial
Institute, Nuclear-grade graphite and good quality hafnium sponge were
the starting materials. Charges were first pre-alloyed by skull-arc
melting in a helium atmosphere. Both the electrode and crucible were
graphite so that little contamination was introduced. Next, the charges

* N s gs .
Underscored numbers in parentheses indicate References given at the
end of this report,
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were remelted and then drop-cast into an induction heated graphite mold,
once again in a helium atmosphere. The rough billets were machined to
1 inch diameter by 4 inches long to eliminate surface flaws and end ef-
fects,

Ay

5. ZrC+C(C-12) billets were fabricated by Battelle Memorial

Institute v.-i'zing identical procedures as described above for HfC+C

(C-11), Starting materials were nuclear-grade graphite and zirconium
chunklets. -

6. W+Zr+Cu(G-20) rods were supplied from material, fabricated
by Rocketdyne (2). The material was fabricated by infiltration of zircon-
ium-25% copper into a porous tungsten lattice.

7. W+Ag(G-21) rods were supplied from material fabricated by
Wah Chang Corp. The material was fabricated by infiltration of silver
into a porous tungsten lattice,

8. Si02+68.5W(H-22) was prepared by Bjorksten Research Labs.
Samples were prepared from intimate and uniform mixtures of fine pow-
ders of high purity W and SiO, by first degassing and fusing under vacuum
and then collapsing the resulting void-filled mass by application of an
atmosphere of argon, Of the fifty specimens supplied, half of these were
given a post-heat treatment to increase their viscosity.

9, Hf-20Ta-2Mo(I-23) was prepared by Wah Chang in the fol-
lowing manner:

(a) One-half inch diameter rod was double arc-melted
and skull cast into 5/8" diameter rod and machined to final size,

Ingot Chemistry

Top Middle Bottom
Ta 19.17 w/o 19.13 w/o 19.25 w/o
Mo 2.11 w/o 2.16 w/o 2,07 w/o
Hf Balance Balance Balance
Zr 2.55 w/o 2.65 wlo 2.55 w/o
C 110 ppm = = c-cccue-- 120 ppm
N 62 ppm @ e-mme-aaa- 74 ppm

o 360 ppm = c-ee----- 240 ppm
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(b) One inch rod was double arc-melted, hot forged
a.nnesled, hot rolled to final size, and vacuum annealed one hour at

2100°°F.

Ingot Chemistry . .

Top Middle Bottom . ' ‘

Ta 19.17 w/o 19,13 w/o  19.25 w/o '

Mo 2.11 w/a 2.16 w/o 2,07 w/o A

Hf Balance Balance Balance ' -;-‘J

Zr 2.55 w/o 2,65 w/o 2,55 w/o i

C 70 ppm 70 ppm 80 ppm 2

N 30 ppm 40 ppm 35 ppm

(o} 100 ppm .- 90 ppm 1

H 2,4 ppm ————— 3.6 ppm g

MIT Analysis Jarrell-Ash (Qualitative Spectragraphy) e
HE-79. 4 0,01 - 0.001 B
Ta-19,6 Ti, Fe i

Mo-1,4 i
0,-0,0075 W

and 0, 0078 i}

lo, Ir/Graphite (I-24) specimens for arc plasma testing were «
coated with iridium by Battelle Memorial Institute. The coating pro- 4
cess is described in reports under AF33(615)-3706 (3). Briefly, out- 0N
gassed specimens of graphite were iridium coated by plasma-arc

ik
deposition and the coating was then outgassed. Coated specimens were
wrapped in graphite foil, welded into a vacuum tight steel container, and
pressure bonded at 10, 000-15, 000 psi for two hours at 1090°C, Poco
Graphite (B-10) was used to fabricate arc plasma specimens. All speci-
ments, except Nos, 2, 3,4 and 6 were processed by outgassing the sub-
strate at 1370°C, outgasaing the coating at 2000°C, wrapping in graphite
foil, and bonding at 1090°C for two hours under a pressure of 15,000 psi.
Specimens 2, 3, 4 and 6 had the substrate outgassed at 1200 C, with no
outgas of the coating. They were wrapped in tantalum foil and bonded at
1090°C for two hours under a pressure of 10, 000 psi. These specimens

were rusted, probably by contamination during bonding due to lack of
sufficient outgassing.




A

Ir/C(1~24) samples were also supplied from material fabri-
cated by General Technologies Corp, Whereas the Ir/C samples sup-
plies by Battelle were coated by means of a high pressure bonding
technique, the GTC samples were propared utilizing the fused-salt
electrodeposited coating process, This process produced coatings with
an average thickness of about 4 mils as compared with 33 mils for the
pressure-bonded coatings (4).
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III, CHARACTERIZATION OF CANDIDATE MATERIALS

A, Introduction

Churacterization of candidate materials was performed by
means of qualitative spectrographic, wet chemical and vacuum (or
inert gas) fusion, metallographic, X-ray, electron microprobe and
pycnometric analyiis, In most cases, those analyses were performed
at ManLabs, Inc, by Dr, Edward Peters, Measrs, Raymond Yeaton
and Joseph Davis. In addition, Mr, Donald Guernsey, Department of
Metallurgy, M.I. T, performed some of the wet chemical analysis,
Qualitative spectrographic analysis was done by Jarrell-Ash Co, of
Waltham, Massachusetts, while Donald Guernsey at M,I, T, and
Luvak, Inc, of Newton, Massachusetts carried out vacuum (or inert
gas) fusion analysis,

B, Chemical Analysis Procedures Employed for Refractor
Cormposite Ma&or‘ Tals

Standard methods for analysis of refractory buride,

carbide and silicide compositss {g_ ~8) have been employed in per-

forming the wet chemical analysis.” However, considerable dif- 4
ficulties were encountered in the chemical analysis of JT graphite
composites due to formation of Zr$i04 or HfS1O4 on combustion, In )
order to avoid this complication, the following procedure was em-= 5&
ployed. The composite is burned on a bed ot alundum covered with B
a tin or copper accelerator (approximately one gram for a one hundred ‘;';.53
milligram sample), The mixture is covered with a layer of alundum 4
and burned for 45 minutes st 13009C, The resulting COz is collected
and weighed to determine total carbon,

A second 200 mg sample is employed for detexminution of
gzirconium (or hainium) and silicon. The sample is reduced to -200
mesh powder and boiled in 5-10 ml of H50,4 in a covered beaker,
About 2 ml HNO; is added drop-wise at intervals until all of the graphite
is removed and the ZxrC or HfC is in solution, Solution takes place in
about 30 minutes, This procedure dissolves ZrC or HfC leaving SiC
behind, Following evaporation and resolution in 50 ml of 3NHCI, the
mixture is filtered and washed in hot water with 2% NH4NO3 added.
The precipitate is then ignited. At this point, an approximate value
can be obtained by weighing the SiC, Subsequently, the SiC is fused
in two grams of Na;COy (and 100 mg of KNO3, if necessary). Fifteen
or twenty minutes of this treatment is sufficient to effect fusion, The
fused mass is leached in hot water with cautious addition of 10 ml of
50% HpS04 solution. This procedure converts SiC to S102. Follow-
ing evaporation the silicon is determined by standard procedures,

The filtrate from the SiC separation which contains zir-
conium or hafnium is evaporated, redissolved in 50 ml of 3NHC! and
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" reacted with mandelic acid. The precipitate contains the zirconium or

hafnium, This procedure can only tolerate traces of the SO, radical®,
Subsequenily, the mandelate is ignited to the zirconium or hafnium
dioxide and weighed.

If the composite contains ZrB) or HifB, in place of the
transition metal carbides, tihe procedure is identical except that a
third sample is employed for boron analysis. If boron is present
as 2rBp or HiBa, fusion with Na2COj3 is employed to form NayB40,.

C. - Summary of Characterization Results

The results of the characterization studies of all of the
candidate materials listed in Table 1 are shown in Tables 2-14 and
in Figures 1-64. As indicated in Table 1, HfB )(A-2), ZrBz(A-3),
HfBa 1+20 v/o SiC(A-4) and Boride Z(A-5) were obtained from
Carborundum Company, Niagara Falls, New York, The hot pressed
samples (1/2 inch diameter x 1 inch long, and 1 inch diameter x 2
inches long cylinders) were fabricated from powders produced by
Carborundum Company as indicated in Section II, The HfB;_ j+20v/o
‘SiC(A-4) composite was designed to reproduce the properties of
HfB+SiC(F-2) first synthesized under AF33(657)-8635 (4). Figures
1-8 show the microstructural characteristics of H{By 1(A-2), ZrB)
(A-3), HiB2+20v/0SiC(A-4) and Boride Z(A-5).

This analysis indicates that (A-2) is boron rich B/(Hf+2r)=
2.07 and low in oxygen. The (A-3) material contains more oxygen than
does (A-2) but is slightly metal rich, B/2Zr=1.97. The present (A-3)
material is lower in oxygen and slightly less dense (5.58 vs 5,70 gms/
cm3) than the Carborundum ZrB2 evaluated earlier (4). However, the
L /ron to metal ratio is nearly the same (1,97 vs, 1.95), The chemical
pycnometric and metallographic results indicate that {A-2), (A-3) and
(A-4) are all Y0-95% dense. Reference to Figures 1-6 show that (A-2)
and (A-3) are more prone.to ''pull out" of second phase (oxide or car-
bide) during ‘stallographic preparation than (A-4). Finally, it should
be noted thi.. (A-2), HfB; ; was far more susceptible to chipping and
cracking during cutting and grinding than (A-3), (A-4) or high pressure-
hot pressed hafnium diboride.

Tables 3 and 4 and Figures 9-18 show the characterization
results for the borides and boride compositee HfB 1(A-6), HiB2, 1+
20v/0SiC(A-7), ZrBy )+20v/0SiC(A-8), HiB), 1+35v}l oSiC(A-9) and
ZrB2+14%SiC+30%C(A-10) prepared by Manl.abs and Avco under AF33
(615)-3671, Comparison of the microstructural features of HfB3 |
(A-2) and HfB2 1(A-6) shown in Tables 2 and 3 and in Figures 1, 2 and
9 show little difference between the two. A similar comparison of the
results obtained for HiB;+20v/0SiC(A-4) and HfB3+20v/0SiC(A-7) is shown
in Tables 2 and 3 and Figures 5, 6 and 11, The zirconium-base analog

*Alternately the zirconium or hafnium may be determined in a'0.3-0.6
mol hot solution of HNO3 by titration with (0,05 molar) EDTA using
xylenol orange as an indicator. In this case the SO4 does not interfere,

10

o e ————

P

B b AL bt n e 2 Lt e e o

e e i, e AR

i e e e

i Sl T 87

D i




e g+ gy TR AR S UE LAY DN R R TR T

of (A-4) and (A-7) synthesized earlier (4) is ZrB+20v/oSiC(A-8) whose
structure is shown in Figure 13, Figure 15 shows the hafnium diboride
base composite HfBp+35v/08iC(A-9) containing larger quantities of SiC
than (A-4) and (A-7). The final diboride composite which was included
for evaluation was ZrB,+14%SiC+30%C(A~-10) characterized in Table

4 and Figures 17 and lé. '

The graphites investigated in the current program included
RVA(B-5), Pyrolytic (PG(B-6)), Boron-Doped Pyrolytic (BPG(B-7)),
Siliconized RVC(B-8), PT0178(B-9), AXF-5Q Poco(B-10) and Glassy
Carbon (B-11), The characterization data and structural information
for these materials are shown in Tables 4-6 and Figures 19-34,

The pyrolytic materials shown in Figures 20-23 are more

dense than the RVA and display the typical oriented microstructures 3
with the ""C" direction perpendicular to the transverse sections, The B
RVA(B-5) material, illustrated in Figure 19, was supplied by AFML
in the form of a 6 inch diameter x 12 inch high cylinder. Pyrolytic -
graphite plate, 1 inch x 2 inches x 1/2 inch was purchased from the
Metallurgical Products Division, General Electric Co., Detroit,
Michigan, The High Temperature Materials Division, Union Carbide
Corp. of Lowell, Mass,, supplied one inch diameter disks which were
one half inch thick. In the latter cases, the half inch thickness was
parallel to the ''C'" planes of the graphite, The chemical analyse. and
microstructures presented here for {B-5), (B-6) and (B-7) are quite
typical, Electron microprobe and chemical analyses of BPG(B-7) were
performed and difficulties were encountered in obtaining accurate analysis
offy the boron level in BPG. The boron level indicated by.the supplier was .
2 Qe

fecnad -
Siliconized RVC(Si/RVC(B-8)) was obtained from the Union
Carbide Corp, Table 5 provides characterization data, while Figures
24-27 illustrate the microstructural features of the matrix and the 4
mil coating of SiC. The RVC graphite is employed as the matrix due
to the fact that it exhibits a coefficient of thermal expansion which is -
compatible with SiC,

Table 5 also provides characterization data foxr PT0178
(B-9). This fibrous graphite obtained from Union Carbide Corp. is
fabricated by chopping a resin-impregnated graphite cloth and molding
the resultant fibers. The molded shape is then cured under pressure
at high temperatures to obtain a sclid form, The molded part is then
graphitized near 5000°F yielding a low density product, This product
is then impregnated with a furane-resin system, which has a low
viscosigy and a high carbon content. The impregnated structure is baked
at 1400°F to carbonize the resin, After regraphitization at 5000°F, a
fully stabilized PTO0178 product is obtained. Figures 28 and 29 show
the microstructural features of PT0179(B-9).

11
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The characteristics of AXF-5Q Poco Graphite (B-10) are
shown in Figues 30-33 and in Table 5. Figures 32 and 33 are electron
micrographs illustrating the fine grain structure of this graphite which
contains substructures at the 0,05 and 0, 002 mil levels.

Glassy Carbon (B-11) was supplied by Lockheed Missile/
Space Company, Palo Alto Research Laboratory. Characterization
information is provided in Table 6. Figure 34 shows the clear micro-
structure of this material,

Characterization data for arc cast hypereutectic carbides
(HEC+C(C-11) and ZrC+C(C-12) are contained in Tables 5, 7 and 8.
Typical microstructures are shown in Figures 35-38 which illustrate
the flake graphite in a eutectic matrix, Figure 39 shows radiographs
of several of the hypereutectic carbide billets in which internal voids
were detected.

Tables 7-10 and Figures 40-48 show the result obtained

" for KT silicon carbide (E-14) and graphite composites JTA(D-13),
JT0992(F-15), JT0981(F-16) and JT-PT, The latter is an experi-
mental composition with the same composition as JTA(D-13) except

for the fact that the carbon is present in the form of fibers, Sample
quantities of JT-PT were supplied for evaluation by AFML, The KT
silicon carbide (E-14) was obtained from Carborundum Company, while
the JT composites (D-13), (F-15) and (F-16) were purchased from Union
Carbide Corp. (see Table 1). The chemical analysis, pycnometric,
X-ray and metallographic results obtained for these materials (Tables
7-10) do not differ materially from those obtained earlier {9) except in
the cases of KT -Silicon Carbide (E-14) and JT-0992(F-15),  In the
former case, the present (E-14) material appears to have more free
silicon than previously (9). The current JT0992(F-15) analysis indi-
cates a greater percentage of hafnium (56 vs. 35 w/o) and smaller
amounts of carbon (32 va, 48 w/0) and silicon (11 vs, 17 w/o) than
reported earlier, It should be pointed out, however, that the values
reported earlier were based on suppliers' analyses., The microstructure
of JT0992 shown in Figures 45 and 46 are far more uniform than ob-
served earlier (9). Previously, large particles of hanium carbide were
observed to be agglomerated in the graphite matrix. The JT-PT com-
posite shown in Figure 44 has a lower density (1,65 vs. 3.00) than JTA
. (D-13), The graphite fibers which form the JT-PT matrix appear to be
5-10 microns in diameter,

Table 10 and Figures 49-52 describe the General Electric
Type MK, cold pressed and sintered tungsten, purchased for WSi, coat-
ing by TRW. Reference to Figures 49-51 shows that the cne inch diam-
eter bar (970 mils in diameter) exhibits a nonuniform grain structure
owing to the fact that it did not receive any substantial reduction in area
during forging, By contrast, the microstructure of the 1/2 inch diam-
eter rod shown in Figure 52 which was forged from 1 inch sintered rod
is much more uniform. Cylinders were cut from both 1 inch and 1/2 inch
rod. Surface preparation of the 1 inch material prior to coating disclosed
an array of ""Heat-checking'' cracks which necessitated surface machining
prior to coating., This cracking was not present on the 1/2 inch rod,
The 4,5 mil WSi; coating applied by TRW to form WSiz/W(G-18) is shown
in Figure 53, .
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The Ta-10W substrate for Sn-Al on Ta-10W(G-19) was
obtained from National Research Corp. Chemical analysis data from
the supplier is shown in Table 10, Figures 54 and 55 show the 8 mil

slurry coating of Sn-27Al-6.9 Mo applied by Sylcor to form. Sn-AI/ Ta-
10W(G-19).

Table 11 and Figures 56 and 57 contain cha.racteriaation
data and illustrate the microstructural features of the infiltrated
tungsten composites obtained from Rocketdyne (2) and Wah Chang.
The W+2Zr+Cu (G-20), and W+Ag(G-21) materials are fabricated by
powder metallurgy techniques as indicated in Section II. ,
g ¥
Analytical information for the silica-tungsten compoaite-
Si0z+68w/ oW (H-22) supplied by Bjorksten Laboratories, SiOz+60w oW
(H-23) and SiOp+35w/oW(H-24) are contained in Tables 10 and 12,
Figures 58-61 ghow the tungsten particles in a silica matrix,
Characterization data for Hf-20Ta-2Mo(I-23) rod obtained
from Wah Chang Corp. are shown in Table 12 and Figures 62-65, The
microstructure 1 inch diameter rod shows a(hcp) hafnium-rich plates

in a B(bcc) tantalum-rich matrix, while the 1/2 inch diameter rod show‘u
only the B(bcc) structure,

Tables 12-14 and Figures 66 and 67 provzde characterization

information and illustrate the microstructural fecatures of Ir/ C(I-Zé) ‘sup-
plied by Battelle,
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IV. APPLICATION OF NONDESTRUCTIVE TEST METHODS TO
AMPLES

) _ During the past several years, the NDT Development Group at
! Avco/SSD, Lowell, Massachusetts,has been actively pursuing develop-
i ' ment of methods for nondestructively dufining the characteristics of
4 ' - refractory materials .and coating systems (10-12) for applications
- under high temperature conditions, Although the Avco experience does
. not extend to all of the candidate materials, (10-12) examination of these
4 " materials could be informative and at the same time provide destructive
test feed back for comparison with the NDT results, This feed back
: .. comparison may lead to NDT/destructive test correlations which may be
q - -~ useful in the future., Accordingly, nondestructive test methods including
: - ‘radiography, gamma radiometry, die penetrant inspection and ultra-
¥ . . “sonic velocity were applied to analysis of selected materials, Subse-
1. quent parts of this section describe the techniques employed in these
, tests and provide a description of the results,

A, Descripf:ion of Nondestructive Test Methods

1. R.adiogra.ghx

- Film radiography was used to detect the presence of

: : voids, inclusions and local gross changes in composition such as gross
‘segregation., The through transmission method is used with the X-ray

. source on one side of the specimen and a film (detector) on the other

.. side. The equation describing X-ray ( and gamma-ray) absorption in
-traveling through the specimen material is:

-(1/p) pt
I = Ioe (p' p)p (1)

It will be noted that absorption is a function of the chemistry (uponwhich
the value of p depends), the density and the thickness, When aeveral
elemental components are present, the value of p obeserved depends on
the density and the percentage of each element present and the wave-
length or ''voltage' of the incident radiation. Since monochromatic
beams are not easily obtainable, the value of i/p usually cbserved is

an effective value for polychromatic beams, If chemistry, density and
thicknese are constant, the amount of radiation passing through the
specimen will be constant and the film will be uniformly exposed,
However, if u changes locally, as in the case of foreign included mater-
ial or of segregation of the elemental constituents, or if the thickness
changes (as in the case of a void) then the amount of radiation impinging
on the film is less than the surrounding image. Hence, voids, inclu-
sions and segregations can be detected by this procedure. Radiographic
. sensitivity depends on the source and the detector system used, but

i B optimum combinations yield intensity differences of the order of 1%.
SO : Radiographic resolution down to +.001 inch is obtainable.

I\\l -1' 14
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2. Gamma Radiometry

Radiometric density gauging is basically similar to
radiography, consequently an equation similar to (1) applies, In
radiometric density gauging, a collimated source of radiation (gamma
rays, for this application) is used, and a confined beam is directed
through the specimen impinging on a scintillation detector., The out-
put of the detector is fed to a scintillation counter, By'accurately
counting scintillation over a fixed time interval, small differencesin
radiation intensity from point-to-point or from specimen to-specimen
can be detected. Through suitable calibration procedures, specimen
or local density can be determined, In practice, most radiometric -
gauging applications are based on the assumption of constant chemis-
try and only concern themselves with the thickness and/or density
aspects of Eq. 1. Since the value of transmitted intensity (I) is a2
function of both of these, it is necessary that one be fixed or known
if the other is to be unambiguously determined., Hence, it can be
quite important to radiograph materials, prior to density gauging, if
voids, inclusions, etc,, are likely to occur, Sensitivity of gauging
devices to transmitted intensity changes is again about 1% and while
normal operations usually have resolution of the order of 0.5 square
inches, resolution much greater than this is attainable, depending on
materials, configurations, reasonable counting times, etc, The entire
volume of each 1/2" diameter by 1" long cylinders is gauged at once by
adjusting the resolution capability down to the diameter of the specimens,
Obviously, these density measurements yield no more information than
gravimetric values, However, the feasibility of such measurements for
later application to large specimens or parts has been demourtrated;
further, if density appears to be an important variable with respect to
oxidation behavior, resolution can be further improved and local
densities determined within each specimen,

3. Visual Examination

Visual technigues, often not recognized as NDT, are
probably the most common and surprisingly most often neglected of
nondestructive tests, In studies of problems like oxidation resistance,
conditions existing at the surface of the specimen may be of paramount
importance, Because of this importance, specimens are examined
visually with the naked eye and at 40X for color variations, which could
be¢ associated with oxide formation or surface contamination, for tex-
ture differences, which could be associated with processing, for
presence of nonuniformity orsurface porosity and for surface cracks
all of which could be significant with respect to oxidation behavios,

4, Penetrant Inspection

Penetrant tests are used to disclose tight surface
cracks which may not be visible to the naked eye or even at moder-
ate magnifications., In practice, any one of a number of low viscosity




fluids is applied to the surface, The low viscosity fluid is either drawn
out by the use of ""developers' or permitted to seep out naturally to
provide an easily recognizable and enlarged indication of the crack,
Alcohol is being used in the present case because it is unlikely to result
in any contamination (some procedures may leave a residue in the crack
or pores present),

5, Ultrasonic Velocity Measuraments

" The measurement of velocity presents a means for
determining properties of interest by direct calculation using well
known equations where applicable, and by establishing correlations
between quantitative NDT measurements and material properties. In
regard to elastic properties, for example, the relationship between
wave velocities and physical properties can be seen from several

. equations such as:

v. =X (-0 ]”3 [K+3/4|J.]1/2
L - ) + - = P
1/2 1/2
s [ ol S
Ve = [ ey L5~
where:
V;, = longitudinal wave velocity
VT = transverse wave velocity
Y = Young's modulus
0 = |©Poisson's ratio
p = density
K = bulk modulus

n = shear modulus

While the above equations are writtenfor an extended isotropic media and
represent an over simplification when '"non-ideal' materials are con-
sidered, empirical correlations between the nondestructively determined
wave velocities and the destructively determined physical properties are
to be expected. Eq, 2 is of particular interest. Since Vi, is primarily
responsive to the modulus/density ratio, process variation leading to
modulus changes, either total or in a given direction (such as preferred
orientation in elastically anisotropic materials or small amounts of
"stiffening'' impurities) will show up as a change in sound velocity, In
some materials, depending on the stress-strain relationship, variation
in internal stress levels will also be indicated. While not of immediate
interest in this program velocity tensile strength determinations are also
common for brittle materials. ‘The present velocity measuring system
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is capable of making velocity determinations to a precision of about 1%,
Again, if test results indicate a relationship between velocity and oxida-
tion resistance, more refined techniques, capable of greater precision,
are available if required,

6. Ultrasonic Defect Detection

Because of the very large ultrasonic impedence dif-
ferences between gases and solid materials, ultrasonic energy is very
efficiently reflected at solid material/air interfaces, Such interfaces
occur when cracks, bursts, voids, etc., are present in solids and
ultrasonic detection of such flaws is quite common, All specimens are
being examined in this manner.

1. Eddy Current Test

Variations in chemical composition, phases present,
distribution of phases, hardness and internal stress result in changes
in the electromagnetic properties of electrically conductive materials,
These same factors may well have an influence on oxidation resistance;
hence, the measurement of electromagnetic properties,especially in the
near surface layers, could provide a measure of relative oxidation resis-
tance, This measurement is made by a coil carrying an alternating
electrical signal which is brought into proximity with the electrically
conductive specimen, Eddy currents are induced in the specimen, and
some of the energy contained in them is dissipated through the action of
the resistivity of the material encountered., That erergy remaining is
reflected back to the exciting coil and is seen by it as a back impedence.
Hence, by measuring the coil current (phase, amplitude, or both) informa-
tion is obtained regarding the electromagnetic properties of the material
in the field induced by the coil, The depth of penetration of this field is
defined as the depth at which the induced field strength falls to 1/e (37%)
of its value at the surface and can be calculated from:

1/2

3.5
6 = —m—' { ——E-—-] (4)
£ KrelPo ' ,
where:
6 = depth of penetration

£
PP, = ratio of resistivity of material to that of copper
Bpe1 = relative permeability of material

exciting frequency in cps

The first group of 10 ZrB, specimens were examined at frequencies of 60
kilocycles per second (kc), 500 kc and 8 megacycles per second (mc).
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These frequencies correspond to penetration depths of about 0,030 inch,
0,011 inch and 0,003 inch, respectively, Significant differences were
noted between ends and between specimens at 60 kc, but not at the higher
frequences. Since different instruments were used at the different fre-
quencies, it is probable that the tests were conducted using different
sensitivities; normally, however, one would expect the 60 kc results to
be enhanced at the higher frequencies, and they were not, As indicated
above, failure to observe differences at the higher frequencies may be
due to instrument difference, or it may be that the extreme surface
layers are more uniform than the immediate subsurface layers, In any
event, the 60 kc results should be compared with oxidation behavior,

B. Nondestructive Test Results for ZrBy(A-3)

- The results obtained on samples ZrBjy(A-3), Nos. 1-30 are
as follows: "

1, R.a.d.iogr a.Ehz

150 PkV, 10 mA for 2 minuates; film-foca’ distance
equal to 24 inches, Eastman Kodak Type AA ﬁ&m with screens, All 30
specimens were exposed in the axial and 90~ separated radial direc-
tions. The radiographs exhibited a complete lack of image resulting
from insufficient penetration. Samples 11-30 were radiographed at
300 PkV, 10 mA for 1 minute; film-focal distance equals 36 inches;
Eastrnan Kodak Type AA film with screens, These specimens all
appear free of radiographically detectable gross defects (voids, inclu-
. sions, gross segregation), The radiographs exhibited satisfactory
- 'penetration in the axial and radial directions as a result of the 300 PkV
exposure,

2. Ultrasonic Defect Detection

The pulse echo technique at 1 MHz was used in the
axial direction. No significant discontinuities were observed,

3. Surface Visual and Crack Inspection

Binocular microscope (40X) and alcohol wipe inspec-
tion of all specimens gave no indication of cracks,

4. Ultrasonic Velocity

The through transmisesion technique at 1.0 MHz was
used to obtain transit time values, from which longitudinal wave veloci-
ties (Vi) in the axial direction could be obtained, These values are
listed in Table 15, This test is responsive to modulus (consequently
preferred orientation) and density variations, It will also indicate
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changes in internal stress condition from specimen to specimen. The
accuracy of this technique is +1%, and A-3-15, 16, 20 and 23 exhibited
values of Vy, which are significantly outside these limits.

5. Radiation Gaqgigg_

The through transmission gamma radiation technigus
(10 millicurie cobalt 60) was employed to measure the densities shown in
Table 15, The calculated mass attenuation coefficient (k/p) of ZrBj at
an energy of 1,1 Mev is 0,047 cm?/gm, The experimentally detexmined .
value was 0,044 cm2/gm, The statistical precision is 0, 33% for a 30 A
second counting time (102, 000 counts)., It was assumed that a radio-
metrically determined dengity difference of approximately 1% is adequate. b
This difference is greater than the precision of measurement so that a i
densaity difference of 1% is meaningful., To achieve this level of density R
difference detection, the criterion for the minimum value of the linear h‘
attenuation coefficient for a material is that it exceeds 0.12 cm™* for a %
nominal thickness of one inch, The linear attenuation coefficient of
ZrB, for gamma rays at 0,246 Mev is 0,246 cm~1 or twice the valus
reqﬁred by the minimum observability criterion. Specimens A-3-1,
A-3-11 and A-3-22 were the only cases where the observed density dif-
fered by more than +1% from the mean,

6. Eddy Current Measurements

Probe coil measurements at 500 kHz and 8 MHx
provided no indications of significant variability. Probe coil measure~
ments at 60 kHz using the Magnatest FM~-100 conductivity meter did
provide significant variation in the percent International Annealed
Copper Standard (%1ACS) values, The measurements obtained on both
ends of each cylindrical specimen are shown in Table 15. The range
of values exceeds the 0.05 (%IACS) measurement precision, This test
is sensitive to change in chemistry, microstructure and internal stresas
levels. Specimens numbered A-3-18 and A-3-12 represent the extreme
deviations from the mean.

C. Nondestructive Test Results for HfB> 1(A-2), JTA(D-13)
and JU0981(k'-16)

Nondestructive testing of a series of twenty-four HfB2
(A-2) cylinders numbered (A-2)-1 through (A-2)-24, ten JTA(D-13)
cylinders numbered (D-13)-1 through (D-13)~10 and ecleven JT0981
(F-16) cylinders numbered (F'-16)-1 through (F-16)~11 have been per-
formed. The JTA(D-13) cylinders were all cut from billet 5/E/17/2
while the JT0981 (F-16) cylinders were cut from billet 5/F/2/1., All
cylinders were oriented with their axis parallel to the pressing direc-
tion. In addition, nondestructive testing of a series of twenty models
exposed in the Cornell Aeronautical Laboratory-Wave Superheater
Tunnel was performed. Radiographic, gamma radiometric, ultrasonic,
magnetic, and visual methods employing dye penetrantas were employed.
These methods have been described in Section B, Nondestructive teating




of HiB, 1({A-2), JTA(D-13) and JT0981(F-16) was initiated when it was
noted 'a{' the HfB, ;(A-2) material exhibited nonuniform denasity re-
gions near the center of the one-half inch diameter by one inch long
cylinder and chipped and cracked easily on machining, This behavior
was not noted in earlier studies (1) and was attributed to Carborundum's
limited experience in pressing hainium diboride, The ZrB,(A-3) and
HfB2+SiC(A-4) material supplied by Carborundum did not show similar
features and was machined without incident. Testing of JTA(D-13) and
JT0981(F -16) was initiated when the first series of arc plasma tests on
these materials produced a high frequency of thermal shock failures (see
Section IB, Part III-Vol.lIl) JTA(D-13)-21M, 22M,23M,24M and JT0981
(F-16)-21M, 22M,23M,24M, The general results of the nondestructive
testing are discussed below, Detailed quantitative test values are shown
in Tables 16 through 18,

1. Ultrasonic Velocity

Longitudinal wave velocity values were determined at
a frequency of 1 MHz for the HfB, ;, JTA and JT0981 specimens, both
in the axial.and radial directions. The overall test accurac{ and pre-
cision were each approximately 1 percent, Corsequently, those speci-
mens exhibiting a variability exceeding 1 percent from the average
. velocity value should be examined to determine if velocity meaasure-
ments reveal a useful correlation with destructive test results, The
~ ranges noted in the Tables for each specimen type exceed 1 percent, so
that at least the extremes should be examined, In particular, HEB2,}1
specimens numbered 17 and 21 gave extreme values in both axial and
radial directions. JTA specimens numbered 1, 6 and 9 and JT0981
specimens numbered 1, 4 and 11 also gave extreme valuas,

2. Eddy Current Measurements

Probe coil measuremens were performed at 60 KHz,
500 KHz and 8 MHz for the HfB, ; specimens, and at 500 KHz for the
JTA and JT098]1 specimens, Sixty KHz and eight MHz measurementa
were insensitive to the JTA and JT0981 specimens, Relative values
of current were obtained; the extreme values were found to be much
greater than the precision of measurement noted in the tables for each
frequency, In particular, examination for possible correlations should
be given to at least HfB; | specimens numbered 19, 21 and 24, where
frequencies of 500 KHx and 8 MHz are found to yield the moat sensitive
tests, Also JTA specimens numbered 6 and 9, and JT098]1 specimens
numbered 1, 4 and 9 should be given special attention,

3, Radiogranhx

The H{B3 ]| specimens were inspected by Arncld
Greene Testing Labs, The JTA and JT0981 specimens were inapected
at Avco/SSD, All HfB3 | specimens exhibit low denaity ragions that
extend radially from the axis at a cylinder's midsection, No non-
uniformities were observed for the JTA and JT098]1 specimens.
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4. Surface Crack/Porosity Inspection

Dye penetrants were used to observe surface cracks
and open porosity for the HfB, ) specimeas., Circumferential porous
bands were noted for all specimens except those numbered 4, 9 and 21,
Surface cracks were noted for specimens numbered 4, 5, 6, 9, 11, 12,

14, 15 and 21, The alcohol-wipe technique was used to observe surface
cracks for the JTA and JT098]1 specimens, All specimens appeared
free of cracks,

5. Surface Visual Inspection

All gpecimens were visually observed under magni-
fication, Surface cracka were observed for HfBp )| specimnens num-

bered 6, 9, 14, 15, 16 and 24, All HfB, ] were noted to be chipped,
For the JTA and JT0981 specimens, no surface cracks were obaerve

d
but small scratches and chipping were noted for most of the cylinderas.
D.

Nondeatructive Testing of CAL-Wave Superheater Models

A total of twenty specimenas have been nondestructively
evaluated eniploying techniques similar to those uased prwlounlr.

These specimens were finished in various geometriss and consisted

of various compousitions of hafnium, tungsten, zirconium and silicon

and of graphite, Of the five techniques used, only X-ray radiogxaphy
and visual and penetrant inspections ylelded meaningful results, Ultra-
sonic velocity and eddy current measurements were influenced to a much
greater degree by specimen geometry than they were by material vari-
ability for thess geometries exhibiting oxtreme curvatures relative to
probe dimensions, Consequently, it is appropriate that at least part

of the nondestructive evaluation in the future be performed on {lat-faced
spacimens prior to their final machining,

Radiography at 1,0 Mev was performed by Axnold Greesne
Tosting ..aboratories, Inc. on the hafnium and tungsten composites,
Avco radiographed the zirconiwn and silicon composites and the gra-
phite specimens at 150 kv, The detailed resulta are included in

Tables 19 and 20, The tables also contain comments on the specimen
geometries as interpreted visually and radiographically, Of the eight
hafnium and tungnten composite specimens, only specimen number Hi-
TacMo(I-23)-3-0 contained a possible serious nonuniformity, this being
a 0,040 inch ddamneter low donsity region located at the tip, The re-
maining twelrg specimens all exhibited apparaent geometrical irregulari-

ties as indicated in Table 24, High density flecka or particles were ob-
served in wpecimen numbaxs ZrBa(A-3)-24-3, JT0992(F-15)-X-9, JTA
(D-13)~X-7 and JT0981(F-16)-X-10),

The latter three specimens con-
trined theas flecks throughout their volume,

Spechnoen ZrBa(A~3)~-22-3 contained three 25 mil high
density particles, two of which were located near the tip, M adluee of

this model in thermal shock may poanibly be traced to these inhomo-
gonoitiss,
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Fluorescent dye penetrants were used to detect surface
cracks and open porosity for the hafnium, tungsten, and zirconium
composite specimens. Specimen HfB, |(A-2)-X-1 exhibited a band
of porosity on the wall, as well as two cracks at the base. Speci-
mens HIB2+8iC(A-4)-X-4 and ZrB3(A-3)-24-3 each exhibited two
1/4 inch long cracks at their base, while specimen ZrB,{A-3)-1-2
exhibited three 1/4 inch long cracks at its base and wall, No im-
perfections were noted for the remaining composites in the group.

An alcohol wipe test was used to locate surface cracks
in the composites and graphite specimens. All specimens appeared
free of cracks except as noted above.

Results of visual examination of the twenty specimens
using 40X magnification are listed in Table 19, Several specimens
were observed to have the edges of their bores chipped., Specimen
RVA(B~5)-X-5 has a large pit and a few porous areas on its hemi-
spherical cap. Specimens PG(B-6)-X-6 and BPG(B-7)-X-16 have
porous areas on their walls, while BPG(B-7)-X-16 also has a chipped
bage and a flattened side,

E. Nondestructive Testing of Models Employed in Ten-Megawatt
Arc Tests

A series of thirty-eight boride and boride-silicon carbide
vomposite cylinders prepared for high flux testing in the Avco 10
Megawatt Arc facility have undergone nondestructive testing both
before and after exposure to the arc. The materials were subjected
to ultrasonic velocity, eddy current measurement, dye penetrant, and
vigual tests. The materials tested were HiB> (A-2) and (A-6), ZrBjp
(A-3) and (ManLabs-Avco), HiBp ;+20v/0SiC(A-4) and (A-7), Boride
Z in numerical order along with results of the nondestructive tests
performed, All cylinders were 0,875'" diameter by 0,750" long excent
for the HfB, +20v/0SiC(A-4) and (A-7-HF-32, 33,34) specimens., The
general res\ﬂés of the nondestructive testing are discussed below,

1. Jltrasonic Velocity

Longitudinal wave velocities were measured for speci~
mens Hf-1 through HF-24, at a test frequency of 1.0 MHz, in both the
axial and radial directions. Transverse wave velocities were measured
for this group in the axial direction at frequencies of 1.0 MHz and 2.25
MHz. Table 21 lists quantitative results of ultrasonic velocity determin-
ations for these specimens. The over-all test accurracy and precision
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were each approximately one percent. All specimens tested fall within
this range of accuracy with the possible exception of Boride Z(A-5-HF -
11) which exhibited a low longitudinal wave velocity in the axial direction
relative to the other Boride Z specimens tested. While the significance
of ultrasonic attenuation measurements in these materials has not been
established, results of these measurements are included in Table 21,

A concurrent laboratory development of attenuation measuring techniques
and their significance in these materials is planned, .

2. Eddy Current Measurements

Probe coil measurements were performed on the flat
faces of specimens HF-1 through HF-24 at frequencies of €0 KHg, 500
KHz, and 8 MHz, The 60 KHz measurements are reported in percent ol
of the International Annealed Copper Standard, while the 500 KHz and 8
MHz measurements are in arbitrary units, Table 21 lists quantitative
results for these measurements. The precision for these tests is bet~. .-
ter than 3% at 60 KHz and better than 20% at 500 'KHr and 8 MHe,. "As-"*
in the ultrasonic velocity measurements, the most obvicus inconsistency '
was for Boride Z(A-5-HF-11) on the top face of the specimen.’ Tests at..
all frequencies gave significantly different results from the other Boride

Z specimens, Most of the other materials again showed no significant .
differences. bt S

3, Othexr NDT Results

Visual inspection of specimens HF -1 through HF -24
revealed that virtually all had chipped edges. A large chip was found
in Boride Z(A-5-HF-12). Specimen Boride Z(A-5-HF'-9) had a crack
on one face while specimens ZrBj;(ManLabs-Avco HF-17) and HEB3, |
(A-6-HF'-20) had microcracks on their surfaces. Fluorescepnt pene-
trant inspection did not reveal additional information on this group of
specimens. However, zll of the HfB2 3+20v/0SiC(A-4) specimens
inspected showed a circumferential porous band near their center, ap-
proximately 1/4" wide, This band is a result of a low density region
within the billet from which these specimens were core drilled, Table 22
shows visual, fluoredcent penetrant and radiographic results for some
of the specimens before and after exposure to the arc.

F, NDT Results for Hypereutectic Carbide HfC-i-C(C-i 1) and
ZrCICIC-12) Blllets

The surfaces of the thirteen HfC+C(C-11) and seven ZxrC+
C(C-12) billets were examined at ManLabs, Inc, upon receipt from
Battelle Memorial Institute, Moat of the HfC+C billets and all of the
ZrC+C billets were found tu have surface flaws, primarily holes and
voids. Such flaws can only be attributed to gas bubbles becoming en- -
trapped during the drop casting process. Radiographs supplied by
Battelle showed that many billets contained internal gas holes and
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' several billets contained centerline pipes up to 1/2" long. A summary
of the visual and radiographic inspection results are given in Table 22,
« Figure 39 shows the appearance of some of the defects found within the
. ~billets, Wherever possible, such defects will be avoided in preparation
" of specimens from the billets in question.

G, NDT Results for Crosscut JTA(D-13) Cylinders

An attempt was made to systematically eliminate some of

'%‘:‘::. ‘the variables which might be contributing to the high frequency of

... thermal shock failures observed in the arc plasma testing of JTA(D-13)
" and JT0981(F-16)., A series of eleven JTA(D-13) cylinders numbered
© 'D=13-3IM through D-13-41M have been prepared for testing in the

. 'Model 500 Axrc facility by core drilling the cylinders perpendicular to
" the billet axis rather than parallel, as was the case for all previous

specimens, These specimens are currently undergoing arc plasma
tests, and results should indicate whether or not inhomogeneities

3 _introduced by the fabrication process contribute to thermal shock failures,

Radiographic and alcohol wipe tests showed no nonuniformities existed in
any of these cylinders,

H. NDT Results for Ir/Graphite (I-24) Cylinders

Nineteen Ir/Graphite (I-24) cylinders received from Battelle

" Memorial Institute were examined visually at ManLabs, Inc. Specimens
- 2, 2, 4 and 6 apreared rusted in color rather than metallic, X-ray analy-

sis of these sp- .imens revealed @ -Fep0; to be present, indicating that

the lack of ou. ,assing of these specimens caused a reaction with the

steel contalrr ¢ to occur during pressure bonding. ‘The results of fluores-
cent penetry.c and radiographic inspections of all cylinders are summarized
in Table 22, The coating exhibited porosity in all specimens at the junc-
tion of the front face and side wall, while specimens 13 and 18 had cracks
in their coatings, Other specimens were found to have low density re-
gions, scales, and spotty surface build-up of their coatings. Attempts

to measure the thickness of the coatings were inconclusive due to

surface irregularities,

Specimens were tested at Aveo/SSD using a 60 KHz eddy
current conductivity meter and comparing the results with an iridium
foil standard, A calibration curve was established by stacking 0. 010"
thick iridium shims and making eddy current readings on several thick-
nesses, The shims were placed upon a graphite block to see the influ-
ence of the graphite and to more closely simulate the actual test speci-
mens, It was found, however, that the graphite exerted negligible effect
on the eddy current reading, Figure 68 shows the calibration curve ob-
tained at 0,010'", 0.020'" and 0,030" thicknesses. After calibration, the
specimens were tested and the data recorded., Several specimens showed
a severely irregular front surface and could not be adequately tested be-
cause of the need for a 1/4" flat face to suit the transducer roquirements,

24

A AL . A = i e o - e P o -

- —r——
e ek




Lo

1
. )
" ¢
N
AN
! "
' - . -
. . N
. . st T TN 0 el et
) o iy ENEEUY & e TRV AR o o Fl 4 ¥y y
o e roeea s 1wt T LTV N SNV - RPN LAl

Results of these tests are given in Table 14 for the GTC
material and Table 22 for the Battelle material. Although the eddy
current technique does not give precise thickness measurements, it

does seem to yield a fair approximation of the front face thickness .
of the iridium coatings on graphite,
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Etched with 10 Glycerine 5 HNO, 3HF 250X | '
Figure 1, HfB, ) (A-2), 1/2" Diam, Bar, Longitudinal Section,

Poroaity

Plate No, 4437a

Pullout

Oxzide

R 5 o kol DY, Lo
rine 5 HNO4 3HP 250X

Figure 2. HIBp ; (A-2), 1/2" Diam, Bar, Transverse Section.
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Plate No, 4303

N033

lycerine 5 H

Figure 3, ZrB; (A-3), 1/2" Diam, Bar, Longitudinal Section.

Plate No, 4305
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Etched with 10 Glycerine S5HNO,3HF

Figure 4. ZrB, (A-3), 1/2" Diam, Bar, Transverse Section.
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/7 Plate No. 4394a

» . K-
th 10 Glycerine 5SHNO, 3HF
Figure 5, HfBz + 8iC (A=4), 1/2" Diam, Bar, Longitudinal Section,

Plate No, 444la

; i‘ h N L,
Etched with 10 Gl

Figure 6, HfB, + SiC (A-4), 1/2" Diam. Bar, Transverse Section,
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Plate 4209

;e b Y g el
Etched with 10 Glycerine 5HNO, X250
Figure 7. Microstructural Characteristics of Large

Bar (1.0" diameter x 2.0" long) Carborundum
Boride Z (A-5),

Plate 4205

. b . "
&i‘ﬁx'?f‘i.u'f%n" '

Etched with 10 Glycerine 5SHNOj3 3HF X2£0

Figure 8. Microstructural Characteristics of Small
Bar (0.5" diameter x 1,0" long) Carborundum
Boride Z (A-5).
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Etched with 10 Glycerine 5SHNO; 3HF Y X250

Figare 9. Microstructural Cha.uctgruticl of HfB, 4(A-6)

Density = 10,25 gms/cm3, 95, 9% of Thabretical
Density. '

Porosity
. Plate 4738
J "t" ) ‘
e g
,;-.' N
Etched with 10 Glycerine 5HNO4 3HF X250

Figure 10, Microstructural Characforistics of HfB {A=6)

Density = 9,53 gras/cm?, 89.1% of 'heozr'e ical
Density,
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Plate 1495

"% Eteched with 10 Glycerine S5HNO3 3HF X250

Flgure 11, Micmltructural Characteristics of HEB, ; + 8iC (AxT)
(Twenty Volume Per Cent SiC) Denaity a'5.
97.5% of Theoretical Density,

26 gms/cm

Porosity

Plate 4737

Etched with 10 Glyoeriuo 5HNO, SHF X250

Flguro 12, Microstructural Characteristics of HIB, ) + SiC (A7)
(Twenty Volume Per Cent SiC) Density = 7,84 gmu/om3,
82.8% of Theoretical Density,
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Plate 4756

Etched with 10 Glycerine SHNO3 3HF X250

Figure 13, Microstructural Characteristics o1 ZrB, + S$iC (A=8)
(Twenty Volume Per Cent 5iC) Density #5.47 gms/cm?3
100% of Theoretical Density,

]

Porosity

Plate 4521

Etched with 10 Cilyaerine SHN03 3HF X250

Figurel4, Microstructural Characteristics of ZrB, + SIC (A.8)
(Twenty Volume Por Cent SiC) Density o8, 02 gms/cm3,
91.8% of Theoretical Density,
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Plate 4454

Etched with 10 Glycerine SHNOj3 3HF

X250

Figure 15. Microseructural Characteristics of HfB, + SiC (A-9)
(ThirRy-=T'v: Valume Per Cent SiC) Densitya8, Sgms/cm
99. 4% ~f Theorstical Lensity,

_Parosity

Xisu

Excher 4 with ¢ Jlycerine SHNO3 3HF

Fige it 1y wcowsivucturar Characteristics of HID, + 817 (A.Y)

4, 3% of 1neoretical Density,

3

Plate 458

—————r

e - & . . 3
SThivtyeFive Volwue Per Cent SiC) Leasitva?, 78pms/em

,._.,..,._.,._.,__..__.,_w«..,__,v,
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Plate No. 5059

X500 -

Figure 17. Microstractural Characteristics of ZxB, +
14%8iC + 30%C(A-10) Longitudinal Secticu.

Unetced

i Plate No, -5057
n '
5 §iC
Unetched X500
Figure 18, Microstructural Cha racteristics of ZpB, +
i 14%8SiC + 30%C(A-10) Tranasverse Sectivn.
35
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Porosity

4346

o
z
2
o
-t
A

250X

Unetched

Figure 19, RVA Graphite (B=5),
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/NI Plate No, 8162

Unethed

50X

hite (B-6), Longitudinal Section,
Polarized Light,

Figure 20, Pyrolytic Grap

8 Plate No, 8159 :

Figure2i. Pyrolytic Graphite (B-6),
Polarized Light,

Transverse Section,
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B Plate No. 8146a

Unetched . 50X

Figure 22. Boron Pyrolytic Graphite (B -7}, Longitudinal
Section, Polarized Light,

Plate No. 8147

Unetched 50X

'Figure 23. Boron Pyrolytic Graphite (B-7), Transverse
Section, Polarized Light,
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Porosity

Plate 4712

Unetched X250

Figure 24, Microstructural Characteristics of RVC Graphite
(B-8) Longitudina) Section,

Parosity

Plate 4711

Unetched X250

Figure 25, Microstructural Characteristics of RVC Graphite
(B-8) Transverse Section,
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Plate No, 4947

RVC
""" Graphite

Unetched X175
Figure 26. SiC Coating on RVC(B-8) Longitudinal Section.,

Distance between Numbered Divisions Equals
3.94 Mils,

Plate No. 4950

Unetched X250

Figure 27. SiC Coating on RVC(B-8), Transverse Section.
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Graphite Fibers

Plate 4724

Unetched X250

Figure 28, Microstructural Characteristics of PT0178 Graphite
(B~9) Longitudinal Sectien,

Porosity

Plate 4725

T vangy

Unetched X250

Figure 29. Microstructural Characteristics of PT0178 CGraphite
(B«9) Transverse Section.




Plate 4715

Porosity

Unetched (a) X250

Figure 30, Microstructural Characteristics of Poco Graphite
(B~10) Transverse Section,

Plate 4713

Unetched (b) X500

Figure 31. Microstructural Characteristics of Poco Graphite
{(B-10) Transverse Section,
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Plate No, 3813C

Unetehod

X13,000

Figure 32, Microstructural Characteristics of AXF.5Q Poco

Ciraphite {B=10). 1,5% Parlodion Replico Shadowed
with Chromiumn at 60° Angle.

Plate No. 3813D

Unetched X13,000
Figure 33, Microstructural Characteristica of AXF-5Q Poco

Graphite (B~10). 1,5% Paclodion Replica Shadowed
with Chromium at 60° Angle,
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Unetched X80
Figure 34. Microstructure of Glassy Carbon(B-11).

44

Plate No. 1-8063
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" Make
Graphite

Plate No, 4872

HIC + C
Eutectic

o )

Unetched X100

Fignre 35, Microstructural Characteristics of HIC + C
(C~11), Longitudinal Section,

Plate No, 4874

Unetched X100

Figure 36. Microstructural Characteristics of HEC + C
(C-11), Transverse Section,
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Unetched

Figure 37.

Unetched

Figure38.

Plate No., 4868

e fedanipn
AAAn

Microstructural Characteristics of ZrC + C
{C-12), Longitudinal Section,

Flake
Graphite

Plate No, 4870

ZrC + C
Eutectic

X100

Microstructural Characteristics of ZrC + C
(C-12), Transverse Section,
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Figure 39. Radiographs of Hypereutectic Carbide Billets: (a)
HEC + C{C~11) Billet 1416A with Internal Gas Holes,
(b) ZxC + C(C-12) Billet 1467A with Center=-line Pipe,

gc) 1Z;'C: + C Billet 1420A with No Internal Voids, (Full
cale

47
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Plate No. 4340

Unetched U B00X

Figure 40. JTA (D=13), Longitudinal Section.

Plate No. 4342

Sic

Unetched 500X

Figure 41, JTA (D-13), Transverse Section.
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IS AN D5 AN JPlate No. 4393a
| ~y ' 2 A i 8l il
|
! Silicon

3
Ul

Etched with 5% KOH

250X

"KT" SiC (E-14), Longitudinal Section. While
Most of the Black Areas Are Probably Pull~-
Out, Some Have Been Found to Be Carbon,

Figure 42,

B Plate No, 4435

Etched with 5% KOH
Figure 43. "KT' SiC (E-14), Transverse Section,
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Plate No.

ZrBz

Graphite Fibers

Unetched

Figure 44,

JT=-PT (F-1)

Matrix,

500X

Showing Grains of ZrB; in a Graphite Fiber
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Plate No. 4336

Figure 45. JT0992 (F-15), Longitudinal Section.

SiC HfC Graphite

Plate No. 4338

oy
P IR - .
Ry
1) m%ﬁf\\ &
LM
““lv . °

[ “[‘
Lty -,

Unetched 500X
Figure 46. JT0992 (F~15), Tranaverse Section,
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Plate No. 4332

Unetched 500X
Figure 47, JT0981 (F=16), Longitudinal Section.

SicC ZrC

§ Plate No. 4334

Graphite

Unetched 500X

Figure 48, JTO0981 (F«16), Transverse Section.
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' Flate No. 388

gt &y % '&ﬁﬂ’

3 e
N A A%

P {4 M “w U . YA ‘. B ufk 7 .
Etched with Murakamis'Reagent ~7X Etched with Murakamis' Reagentl00X
Figure 49. W (G-18), 1" Diam, Bar, Figure 50, W (G-18), 1'' Diam. Bar,

Tranagverse Section, The Transverse Section, Fine

Sample Is Symmetric; One Grains of The Diametral Band,

Quadrant Is Shown.

A

_ Plate No. 4489

)
iy
Lot

SR A ‘("l‘u,‘i
T AN M
X

K ! A Ay Jian “’tv.”:{ ';“ ‘ V.o e b
i TGan o, RN Vv B
Etched with Murakamis' Reagent 100X Etched with M 00
Figure 51, W (G-18), 1" Diam. Bar, Figure 52. W (G-18), 1/2'' Diam. Bar,
Transverse Section, Large Transverse Section, The 1/2"
Grains, Rod Is Uniform Across The

Transverse Section,
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Plate 4568a

Etched with Muiakamis' Reagent X175

B Figare 53. WSiy Coating on Tungsten (G-18) Longitudinal Section on
L Top Face of Cylinder, One Division Equals 0, 394 Milg,*
S (Fissures in Coating have been Accentuated by Mechanical
Preparation),

?T-_ *Diata.nce between numbered divisions is eaual to 3,94 mils,
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Plate 4476

< (Ta, Mo) Al

Etched with 30 cc Lactic Acid, 10cc HNO3, 5¢cc HF X200

Figure 54, Sn-~Al-Mo Coating on Ta-10W (G-19) Longitudinal Section
of Top Face of Cylinder. One Unit Equals 0.394 Mils.

Plate 4474
(Ta, Mo)AZ 3

———Ta |OW

Unetched (b) X250

Figure 55. Sn-Al-Mo Coating on Ta-10W (G-19), Sectioned
at an Angle to Cylinder Side.
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Figure 56.

Figure 57.

Plate No, 5362

Etched with Murikami's Reagent X500

Microstructural Characteristics of W + Zr + Cu (G-20)
Transverse Section, Tungsten Grains are Light,

) Plate No. 5055b

Unetchcd X500

Microstructural Characteristics of W + Ag {G-21)
Transverese Section. Silver Infiltrant is Light.
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Plate 4722

Unetched (a) X250
Figure 58, Microstructural Characteristics of 810‘3-68. 5w/ioW

(H-22) (Twenty-One Volume Per Cent W). Density
5.70 gms/cm? Longitudinal Section,

Plate 4721

Unetched (b) X250

Figure 59, Microstructural Characteristics of 5i0,-68.5 w/o W
(H-22) (Twenty-One Volume Per Cent \&). Density
5.70 gms/cm” Transverse Section.
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PUNSREY . ot ol

Plate 4723

Tungsten Particles

g+ 5i0

2

Unetched (a) X250

Figure 60, Microstructural Characteristics of Si0,-60 w/oW
(H-23) (Seventeen Volume Per Cent W).

Density
4,80 gms/cm® Transverse Section,

Si02

Plate 4718

Tungsten Particles

Unetched (b) X250

Microstructural Characteristics of $i0,~35 w/o W

(H-24) (Six Volume Per Cent W). Density 3,20 gms/cm3
Transverse S~ ., J..

Figure 61,
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late No, 4397

Etched with 30 Lactic 10 03'3. F T 250X

Figure 62, Hf-20Ta-2Mo (I-23), 1" Diam, Bar, Transverse
Section. Notice the Outline of the Grain Boundaries
of the Preceding Structure.

Plate No, 4398

Etched with 30 Lactic 10HNO,1HF 1000X
Figure 63. Hf-20Ta-2Mo (I-23),1" Diam. Bar, Transverse
Section. Platelets are @ in a B Matrix. Note
Precipitation on Grain Boundaries of Preceding

Structure.
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\

Etched

Figure 65,

Hf-20Ta-2Mo (I-23),1/2" Diam. Bar, Tranagverse
Section, This Alloy Is PrincipallyfHf. Note the
Relationship to the Structure Shown in Figures 26-27,

AR
L

1000X

Hf{-20Ta-2Mo (I-23),1/2" Diam. Bar, Transverse
Section,

60
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Plate No,

2-0446
|mmﬂmmMmmﬂmwﬂmmﬂmmmmmmmw¢mmmwwr4
o - ~ - - " LI - ) (U
Unetched X2.87
Figure 66. Ir/C (I-24) Iridium Coated Poco Graphite Longi-
tudinal Section. One Inch Scale,
Plate No,
2-0447

Etched Electrolytically in 20% HC/ in a X89

Saturated Solution of NaC} in Water

Figure 67. Iridium Coating on Top Surface of Ir/C (I-24),
One Division Equals 0, 788 Mils. Coating Thick-
ness equals 23, 6 mils, Graphite at Right,
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TABLE 2

CHARACTERIZATION OF TEST MATERIALS

MATERIAL: Hﬂ!z.p GODE {A-2)

SUPPLIER; Carborundum Co., Nisgara Falls, New York

Qualitative Analystis (Range w/
{YirTAll-Xsh Co., Wil Hu-)

MATERIAL: Zrll. y» CODE (A=3)

SUPPLIER: Carborundum, Go., Niagars Falls, New York

Qualitative Analysis (Range w/%‘
a7 rell-ASh Co., Waltham, (TN}

1,001 0.01-0. 001
e One

4 LAy
»

Quantitative Analysis

wlo (Source)

Element

0,001-0,0001
XTI, T .R;. €5,Tu, ﬂn,Sn
v

«0,2001

1.0-0,1 0,i0,01 0,001 .0,0001 <9.0001

T 3t o AZ,Ca 5 V. Cr, Mn TuXg s
Quantitctive Analysis
Elemant w/o{Source)

He 84.2 (ManLabs)

2 2,6 {(ManLabs)

R 10, 65 (ManLabs)

Q 0,007 (MIT}, 0,002 {Luvai)

[+ 0.28 (ManLabs)

Zr 79.1, 79.5, 80.) (ManLabsj, 79.8 (MIT)

B 18.36, 18,04, 18, 0- (ManLabs), 18.5 {MIT)

[o] 0. 1700 (MIT), 0,0066 (Luvak)

Fe 1,26, 0.5 (Jarrell-Ash: quantitative spectroscupy)
0426 (MIT), 0.24 (ManLabe}

Over-all Atomic Ratio: .
Corrected Atomic Ratio™!

Caleulated Dioxide:

Calculated Monscarbide:

Calculated Welght Par Cent Diboride:
Phases ldentilied by X-rxay:
Matallographic Description:

Bulk Deunsity!

*Based on Zr v 3% NI,
+Based on (Hi427) pr-
carbide, The cale 'aiy !

B/{H{+Zs) o 197
B/(Hie2Zr} = 2,07
0.06w/a
4,46w/o

93.2

HIB,, HIC

Two Phase
10.02 gma/cm

* minus (HitZ2) present as dioxide and mono.
. ‘oxide based on tive ouygen analysis provided

by MIT, The Luvak i appears to ba tov low,

MATERIAL: HB, | + 20 v/0 8iC, CODE (A-4)
SUPPLIER! Carborsndum Co., Niagars Falls, New York

Qualitative Analysis (Range w/o!
TarrellAihi Ts,, Wa my 8.}

>l0 10«1,0 0,1-0,01 0,010,001 0.00140.0001 _<0.0001
CEst TTT & Fe, It T, M5, S, +Cu, Mg V&, ]
Pb, 2n
Quantitutive Aunalysls
Elgmuent wlo {Source)
Ht 77.9,79. 9 {ManLabs}
z* 2.4 (ManLabs)
B 10.3 {(ManLabs)
8 8,13 (ManLabs)
) 0,09 {MIT)
Fe cumea
c 1,44, 5.2, 1.90 {ManLabs)
Over-al Atomic Ratio: B/Me = 2,01
Over-ali Atomic Ratlot C/s »0,77
$iC=Diboride Atoml: Ratio: 0.218
Caleulstad Weight Per Cent 8iC: [
Calculated Weight Per Cent Diboride; 92,6

Phases ldentitied by X-ray:
Metallographic Description:

Bulk Deasity:

*Based on assumption that Zr = 3% HI.

HiB,, 8iC, HIC (trace)

Two plase, uniform distrivistion of
SIC in matrix of II\*“I‘ gralnsct HO
9.36 4 .02 gme/cm

Overe<all Atomnic Ratio;

Corrected Atomle Ratic®:
Calculated Dioxide:

Calculated Monocarbide

Calculated Weight Per Cent Diboride
Phases ldentitied by X-ray:
Motallographic Description;

Bulk Density:

.Bnud on 2r present minus 2 pras.
calculated dioxide based on the ox
result appears to bs too low,

MATERIAL: Borlde Z, CODE (A-8)

B/Z¥ =), 91

B/Zrn1.97

0.66 wlo

1,98 w/o

98,33

2xB,, 2rC

!ln.fo phase, equiaxed grain
structure

5.58 gms/cm?

t 48 dioxide and monncarbide, The
analyels provided by MIT. The Luvak

SUPPLIER: GCarborundum Co,, Niagars Falls, Naw York

Qualitative Analysis (Range w/
A L D

>10% 10,9-1,8 0,1-0,01 0,01-0,001
B2 LW O TCE T M
Quantitative Analyais
Elsment w/o (Source)

Zr 70, 1 (MIT)

B 17,3 (MIT)

st 2,74 {MLT)

C 0.83 (MIT)

Mo _ 6,93 (MIT)

Total 97,90

Oversall Atomic Ratio B/ir =i, 08
B/{Zr + Mo) = 1,90
C/8i » 0,70
94,3
2.8
? ZrB,, Slc
Metallographic Description: Two'Phase 3

Bulk Danslty:

64

5.70 gma/em
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TABLE 3
CHARACTERIZATION OF TEST MATERIALS

MATERIALL HIB, ,, GODE (A«6)

SUPPLIER: Manlaby, Inc, and Avco Space Systems Division, Lowell,

Mass,, AF33(618).3671 (Material ID)
Qualit_tive Analysis (Range w/o)*

1,0-041 ¢, 001.0, 0001
———r——

PO7F

0,01.0, 001
» LU NLTIL

<0,0001
&, GT, Mg

Quantitative Analysis?

wilolSource)
" 87,1 {ManLaby)
Zr 18 (JarrelleA h)
R 10,98 {MuubLaba)
9 0, kW {MIT)
Q 0,10 {MIT)
Si 012 [Jar scll-Ash)
Al 0,12 {JarrullnAul)

Ovoreall Atemle Ratla

Corrected Atumie Ratio™t

Galvnlated Dioxidet 0,66 wio

Galc-ated Muncearbld.: 2,40 wio

Caleulated Weight Per Cont Dibarides 95,87

Pha s ldenthticd by X-ray: H(B,, HIC -

Muotdlugraphic Duscription Two phase, ¢quiaxed graine of HIB,
havinga grain n&n of 1525 mlcrona:

10,69 yme/em

B/{H{4¢Zy) « 2,02
B/{Hi+Zr) « 2,10

Puls Denaity:

FQualitative and quantitative analysos peelormed on different billets,
“Baned un ({28} prosent minus (HE427) present as dioxide and
monocarblde,

MATERIAL: ZrBz_ )yt 20 v/ 5iC, CODE {A-8)
SUPPLIER:

ManLaby, In¢, and Avco Space Systems Divislon, Lowell,
Mass, AF33(615)367) {Material V)

n

Range w/u)

0,010,001
:01-0. 001

1.0-0,1 0.1.0,01
o o N.U":.Cu»

Quantitative Anqlxnh‘

Elvment w/ofSuurcy)
Zy 69. 97 (ManLabs)
B 14, 90 (ManLabs}
[+ 2.96 (ManLab s}
o 0,25 (MIT)
8 8,33 (ManLab3)
Over-all Atomic Ratia; B/Mo a ), 80

S$4C.Diboride Atomic Ratlo:
Galculated Woight Per Cent SiG:
Calculated Weight Psr Cent Diboridut 84,16
¢ Iduntified by X-ray: 2rB2, SiC
Me! graphic Description: Two phase, uniform distribution of
SIiC grains (4-% grain siwe) within

oquisked grains of ZrB; (4-10u grain

[(BTON 3
Bulk Density 5,47 gme/em’ {100% theoretical
density)

‘Qmmnlv- and quantitative anal yses performed on different billets,

MATERIAL:! ng. 1 +20 vi/o 8iC, CODE (A-7)

SUPPLIER: ManLabe, Inc, snd Aveo Space Systems Divielon, Lowell,

Mass, AF33(618)-3671 (Material 111}

Qualitative Analysie (Range w/ol'
VG 8, Incq,

1,040, 4 0.1.0,01 0,010,014 0,0010,300) <0,0001
et 13 Te LCW NI, TH L Ch
Quantitative Analysis”
Llement w/olSource)

Ht 40,02 (ManLabs)

Zr 1,08 {ManLab

® $.76 (ManLubs;

[} 1,18 s“ll‘ll.lhl.

] 0,10 (M7}

8 $,98 (ManLlaba)

Over-all Atomic Ratlo! B/Me el 9%

SiC-Divaride Avomic Ratioj 0.228

Caleulated Weight Per Gen'. 3iC! 1,16

Calculated Welght Per Cent Diborider 92,30

Phases Identified by X.ray: HB3, 8iC, HIC (Trace)

Metallographic Description: Two phase, uniform distribution of
$iC graine (4-5u grain sing) within
aquisxed ’nl s of HEBZ (3 grain siae).

Bulk Dennity; 9.03 gme/em

“Qualitative and quantitativa analyves performad on different billetn,

MATERLAL: HIB, | + 33 v/ 8iC, CODE (A=9)

SUPPLIER: ManLube, Inc, and Avco Space Systems Division, Lowall,
Mass, AF33{615)-3671 {Material IV}

Qualitative Analysis {Range w/o)
TMGRLSs, Tae,

10 0,1.0,0) 9.01-0, 001 9,001.0, 0001 <0,0001
il oo Ty &, NI CTr g

Phases ldentiticd by X=ray:

HIB2, SIC, HIC (tracs)
Mutallographic NDescription:

Two phase, unitorm distribution of SIC graine
{45 grsi #) within squisxed HIB; graine
{lou grain alse}

.78 gme/cm

Bulk Density;
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TABLE 4

CHARACTERIZATION OF TEST MATERIALS

MATERIAL: ZrB, + 14% 8iC + 30% C, CODE (A-10)

SUPPLIER: Maul.abs, Inc, And Avco Space Systems Division, Lowsll
Mash. ABIN6INN-3TT (Material VI ’

Qualitative A-Iplo {Range w/o}

>10 1,040,1 0, 120,01 0,01-0,004
1.3 10 ~XT,¥s é\lcm T
ldeniified by X+ Zrpa, MG, graphite
r'h“" “" ! A ’,‘t‘"‘ u-uﬁ:nn n\'ht.hn:. ol 8iC grains and graphite
flake® within !quhud graine of ZrB,.
4,50 gmas/cm

Bulk Densityt

MATERIAL: PG (Pyrolitic Graphite), GODE (B-6

SUPPLIER; GCenera) Elactric Co., Metallurgicsl Producte Division
DetroMd, Michigan

Qualitative Analysia !ug.a w/a

relle T m, 8.}
Al, B, Ca, Fe, Mg, 8i all lans tham 0,0001% vach.
Appronimaiely 9. 1% residus o iguition (MaaLlaby, lInac.)

Phases u..n‘n‘w by X-r‘ay: gu :o.’onc.:-tr‘l :lne-.“““ sazallal to (001)
. ructure, .
Matliagraphic Description pl:'n of deposition showt large hills{-1mm)
omposed of smaller hills, Section parallel to
rool axie {0 !lmomr im appasrance,

Bulk Density: 2,10 gms/cm

MATERIAL: RVA Graphite, CODE (B=5)
SUPPLIER: Union Carbide Corp., New York, New York

10.1,0 1,0.0,1 0,1.0.01
Linery +L¥,Ba AL Te 5 .u; mNE, Ag, NL
1)

0,01.0, 001 0,001.0.0000 <0.000i

Quantitative Analysis: Carbone<99,2 w/o (ManLaba, Inc,)

Phases Identitiad by Xaray: Qraphits, no extra lines

Metallographic Dascription: Typical graphits microstructure, fairly large
grain sise (*0.1 mm), Subatantial poresity with
ron sine complrlbl! to grain sive,

Bulk Deaslty 794 0,02 gma/em

MATERIALI BPC (Boron Doped Pyrolitic Uraphlte), CODE (B-7}

SUPPLIER: High Temparature Materisis Divieion, Union Carblde
Corp., Lowasll, Mass,

Qualitative Analyeis ’l.mr wlg

EFFellcR (I T A0, )

10-1. 0 0, 001.0, 0001 <0, 0v0l

-5 [+1ve (79" (N AL AL TE Cu

Quantitative Analysist Carvon=93, b w/o {ManLaks, Inc.
Phases ldentitied by X=ray: Ourhnn

Motallographic Deagription: Simllar to PO (B-6), No second phase

vhserved s
Bulk Density; 2.31 gme/em




TABLE 5

CHARACTERIZATION OF TEST MATERIALS

MATERIAL: SURVC (Biliconiaed RVC Graphite), CODK (B.8)

SUPPLIER: Union Carbide Cm'p. » Carboa Products Divisioa,
How York, New York

Qualitative Aualysis of AVC {Range w
e e aisle s R gl )

0,1.0.0) 0,03-0,003 0,01-0,0001 0,008.0, 0003 9, 001.8. 0001
=G T CWMER— R ARGV
<0,000)
KT UGNGSE
Phases Identitind by Xeray: Ouﬂo (matrin}, 8iC (ceating with no
rece of (rae 8,

Metallographic Description: Mnrl- al .npuu mhnnmnu,
 randumly orie

nnhl {=0. rm ’nh -l-d. Qlo“l.
variations Inl\hlunu ru- i-0 mils,

average ns 4 mile,
1.8 .nn/ lr(lvc oaly)

Bulk Densityt

MATERIALL AKY <) Poco Qraphits; CODK (B=10)
SUPPLIER) Peco Craphite, lec., Carland, Tenas
Qualitative Ansl -lo Range w/

o, oos-o Q)
BB (71 h f'na-niw
Appranimately 0.070% Reasldue on ignition (Mank.abs, Inc.),

Phases ldontifind by X-rayt Civaphite
Metallographlc Deseription: V-: tine grois sise (- aﬂ‘lpﬂn ariestation

iy evealy disivibuted
Bulk Densliys na 'Ilr'.:

0,01+0, 00) <0,0003
' ]

MATERIAL! PTOITS Oraphits, CODE (B.9)

SUPPLINR: Unha Carblde Corp., Carbon Products Division,
Maw Yark, Now York

Qual Analysie w

3 J .

9, 010, 90) <0, 0003
——r—

0.1-8,01 0,003.0,0001 0, 001-0, 0001
e 2 i - NETE, T, W Nt
Appresbmutely O, )% rasidue su (guidion (ManLabs, 1ns.).
PMea Ldeutified by X- Graphits
lln:l.l'qnplh n.-'um'f:\': l::bmly orlested tiberous graphiie bundles
80-10Uu ia olns) esch compesad of orivnted
nhn | dh— by 501001 loag),

Hl
Lasso.n p“lum

Bulk Densityr

MATERIAL: HIO ¢ C, CQDE (G~11)
SUPPLIER: Battelle M i) luotitute, Calum) Obls

Qualiiative Amaigeiy (Rasge w/o}
e

G,1.0.0 0,01+0,00) 0, 081 -0, 000)
- Ve Mg 5 T, WL

Quawiilative Aaalysin; QAMM.Q 1.0 w/a (Bastelle)
Phaion ldomsitied by X-rsy: HIC,
Maiallographle Description; Leag me odln of pﬂmu!l.lqlur 30-10U
mile leag by 0, 7+1.6 mils o N
uu«h matris.

with gas bubbles and voids, reme
lu u‘n-lm flaw (Bauella)

-

Radiographic Asalysier
Bulh Density;

L7




TABLE 6
CHARACTERIZATION OF LMSC GLASSY CARBON

MATERIAL: Glassy Carbon, CODE (B-11)

SUPPLIER: Lockheed Missile & Space Co.,
Palo Alto, California

Supplier Property Analysis (6)

Grade 2000 Crade 3000
Density (gms/cm’)” 1. 43-1. 50 1.36-1.42
Lo(& 19 110
d (&) 3,56 3,45
Ave. Pore Radius (X ) 23 60
Crystalline Characteristics: Combination of tetrahedral and trigonal

linkages related to the turbostratic
precursor polymer structure.

Phases ldentitied by X~-ray: Carbon (amorphous), no other phases.

#*Density range related to material thickness, i.e. thicker material has

higher density,

%% Crystallite Size
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TABLE 7

CHARACTERIZATION OF TEST MATERIALS

MATERIAL: 2rC ¢+ C, CODE (C-12)

SUPPLIER; Battelle M fal Tuati Colunbus, Ohio
ualitative Anal Range w/
L) .
1,0-0,1 0.1.0.01 0,0)-0.00 D, V01 -0, D00}
Te, T CuMy T oS T Wm

Quantitativa Analysis; Sarbon-21,25 + 1,0 w/o (Battelle)
Phases Identitied by X-ray: ZrC, graphite™

Matallographic Description: Long teedlas of primary graphite (50-150
mile long by 1.2-1.8 mile diam,) in s
eutectic matrix,

Mout billste with gas bubbles and voide,
some with center-line core-type flaw
(Battelle) 3

5.41 4 0,1 gme/cm

Radiographic Analysis:

Bulk Density:

MATERIAL: KT-Silicon Ca-dide, CODE (E-14)
SUPPLIER: Carborundur Co,, Niagara Falls, New York

Qualitative Analyais (Rangy wlo?

Arrell-Ash Uo,, Wallham, oy,)

1,0-0,1 0.140,01 0, 010,00} 0,001 -0, 0001
¥ f 'T:' T, Mn ﬂl.Uu.vﬂ..N'l.Pb. % B, N, 50

Quantitative Analysis (ManLabs, Inc,

Elernent wle
St 72.%
[4 6.9

Fs, Al, Ti and Cr amount to approximataly 1% cf remainder.
Phases Identifled by X-ray: @-3iC{1), S5i, graphite

Matallographic Dascription: Irreguiarly shaped SIC grains with consider-
arle amsunta of free silicon and amall amounts

of graphits rqrdomly interspevesd,

Bulk Density: 3,10 gme/cm

MATERIAL: JTA, CODEL (D-13)

SUPPLIER: Uslon Carbide Corp., Cazrbon Producis Division,
New York, New York

Qualitative Analysie (Ranse w/o)
ITHHM—TTFEHTEH.-J

>10 0,1.0,01 0.01.0,001 0,001-0, 0001 <0.0001

T, B, l‘(:a, i.l}.'l?l' ., - Wg. Ma, T, Cu, NT ]
Quantiltative Analysis (Manlabs, Inc,)
Element wlo

C 47.9

3 L

Zr 30.2

3 8.2

Phases ldentilied by X-vay: Graphile, ZrB2, a~8iC

Metallographic Dascription: White 278, particles and grey SiC particles
ambaddad fn a graphjte matrix.

Bulk Density: 3,00 + 0,04 gma/cm? (varies with billets)

MATERIAL: JT0992, CODE (F-13}

SUPPLIER: Union Carbide Corp,, Csrbon Products Divisicn,
New York, New Yark

Qualitative Analysis (Range '/?‘)
Parrell-XeR To. 7 Waltham, ".)

>10  1,0.0,1 ¢,1.0,01 0, 01.0, 001 0,001-0, 0001
f} L KRBT Ms C nci.'Cu.I‘e g 09 ¢ n

<0.0001
LY
Quantitative Analysis (ManLnbe, Inc.)
Element, wio,
13 1.1
Ht 53,8
[+ 3.9

Phases ldentified by X-ray: Graphite, HIC, SIC
Metallographic Description: Similar to JTA (D)), HIC and 8iC particlvs
embaddad in 3 graphite matrix

Bulk Density: 4,63 gme/cm
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TABLE 9
CHARACTERIZATION OF TEST MATERIALS

MATERIAL: JT-PT, CODE (F-1)
SUPPLIER: RTD, Dayion, Ohio

{Processed by Union Carbide Corpf, June 1966)

As Charged Compoaition* ManLabs Anaiysis
30.9 w/oGraphite cloth C =53.4w/o
15.4w/0G=17 resin B=58w/o
11.4w/0175° M. P. pitch si =8.2wlo
34.6w/oSi Zr =30.3 w/o

Qualitative Spectrographic
Analysis (MIT)

1,0 =-0.1 0.1 - 0.01
Cr, Al Ca, Cu, Mn

X-ray Analysis: Graphite, ZrBz, ZArC, B SicC
Bulk Density: 1.65 + .10 g/cm3

Metallographic Description: Discrete white particles in a graphite matrix.
Polishing results in substantially more relief
between the graphite and the particles than
encountered in JTA, JT0981 or JT0992.

*P.G. Lafyatis and M.S. Carter "Exploratory Development of Graphite
Materials' AFML-TR-65-324, June 1966.
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TABLE 10

CHARACTERIZATION OF TEST MATERIALS

MATERIAL: JTO%L, CODE (F-16)

SUPPLICR: Unien Carbide Corp., Carbon Products Division,
New York, New York

>i0 1,0-0,1 0, 1.0, 01 0,040,001 0.001.0. 0001

WIT TLH - 5B An:’r'lj-m AGTETS MG R
LT

Quantitative Analysis (Mantabs, Ioc.)
Elsmant LILR

8 16.8

2r 9.6

<] 48,1

Phases ldentitled by X-ray: Graphite, SiC,

Metallographic Description: Similar to JTA(D-U) and JT0992 (r-m.
ZrC and 8iC putlcln smbedded ln e
!ushm matr]

Bulk Density! gma/em

MATERIAL; 3u=Al/Ta=W (Sn-Al-Mo cnating on Ta-10%W), CODE (G-19)

SUPPLIER: Nstiomal Research Division, Norton Co., Newton, Mass,
{Ta=W); General Telephote and Electronics Corp., Hicksville,
New York (8a.Al coating)

210 J.01-0.001 0.001-0,0001  <0,000)
“w T, ¥5, \u o Ag R B, Sn
0

Qualitative A-lell of Katire umqo §Mn|n w/a)
'akox] 0 » 8,

10-1,0  3,040,3 0,003-0,000! 0.001.0,0000  <0.0003
v KHeBe ~Er.CTe - oW 51'1' &M, Xg P

&

Quantitative Asalysis of Ta-W: \V-a.a wlo}m'l')

Bugelier Analysis of Ta-W: L

lw.lln Dul’lnh' ol lu-M Guth;:ln-ﬂ\l 6.9 Ma (RS03F Cc‘“ud
Phate by X-ray { ting) s plex pattern, A-8a, Al

, plus other unld.antllha

r
hases
ory llu grained, worked structure,

unlform and apparantly single phare.

Coating usiform, 6 il ouler layer

and 2 mil dluu;lun sons,

17,08 gme/cm3 (Ta-W only)

Metaliographic Description:

Bulk Deasity:

MATERIAL: WSi,/W (WSi, Costing on W), CODE (G-18)

SUPPLIER: General Electric Co,, Cleveland, Ohio (Typs MK-W);
TRW, Claveland, Ohio (W8ip Coating)

Qualitative Analysis of MK-W (Range /o)
[TaFFell-Xak To,, Wailtham, Aill.i

0,01.0,001 0,001.0.0001 < 0.0001
$ B2, Fe £ Vg Mn

Qualitative Analyais of Entlre Sample ’hnlu wio)
TKeant Ba‘inralorkl.‘ww on Falli, T8

10-1,0  0.1.0,01 0,001.0,000} <90,0003
-3 T ALTHTG e, 22 Wg, MA, Ni

Quantitative Analysis of MK-W

Element w/o (Source)
o 0.00053 (quk)
c 0,008 (M1

Phases ldentified by X.ray: Tunrt(nn (mnrlxb. WSiz plus trace of
3 {coating)
y:lc-l hotuworked W structurs, fing grained
grains alongated in one direction

tn teansverse section, Ceating quite uniform,
}) gxlmlul’v’l 5 mils,

Metallographic Description:

Bulk Density:

.

MATERIAL: 810; + 68,5 w/o W, CODE (H-22)

SUPPLIER: Bjorksten Research Laboratories, Madison, Wisconain

Supplier Analysis; Tungstun « 99, 9%+ purit;

wP Y llle'n - 99, 9%+ p ’ n;

Samples - 20v ow (“ 5 wlaW)

Quantitative Analysis: 69.3 w/oW (ManLabe, Inc.)

Phases Identifiad by X-ray: W(510; vitreous)

Llectron Probe Microaualysis: Oxidized sam; showed Little or nc inters
diftesion betwaen W and 810z

Metallographic Description: Fine, approximately apherical, discrete
articles of W embedded in a continuous
10, mnrlx.

Bulk Denaity; >5,10 gms/cm

*Bascd on lineal analysis and density (20,5-2) v/o W observed).
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TABLE 11
CHARACTERIZATION OF INFILTRATED TUNGSTEN COMPOSITES

MATERIAL: W + Zr + Cu, CODE (G-20)
SUPPLIER: Rocketdyne, Canoga Park, California
i Supplier Analysis: Porous powder metallurgical grade tungsten

product 76% of theoratical density
was infiltrated with Cu-75%/o Zr alloy.
Composite density is 15,7 gms/cm3 (97%
of expected value) (2).
Quantitative Analysis: 16.5V/0 Cu-Zr phase.*
Phase Identified by X-ray: Tungsten plus a Cu-Zr compound,
‘ CuZry or CuZrs, no free Zr or Cu,
b Metallographic Description:  Equiaxed grains of tungsten (approx. 5
micron grain size) with randomly interspersed
regions of Cu-Zr phase.

! Bulk Density: 15, 81 gms/cm3
MATERIAL: W + Ag(G-21)
SUPPLIER: Wah Chang Corp., Albany, Oregon
Quantitative Analysis: 19.4v/0 Ag¥*.

Phases ldentified by X-ray: Tungsten and silver.

Metallographic Description: Equiaxed grains of tungsten (approx. 10
I micron grain size) with randomly

L interspersed regions of silver.

Bulk Density: 17.49 gms/cm3,

*Based on lineal analysis..
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TABLE 12
CHARACTERIZATION OF TEST MATERIALS

MATERIAL: 8i0; + 60 w/oW, CODE (H-23)
SUPPLIER: GCeasral Ilactric Co., Willoughby, Chio

Qualitative Asalysis o w/
(L1 mnﬁgﬁ %ﬂﬁl. Wees.)

MATERIAL: 3i0, +35 w/o W, CODE {H-24)

SUPPLIER: Gemaral Electric Co., Willoughby, Ohfo

Qualitative Analysis (Range w/
I 8, a 0, s,

0.1-0.01 0,01.0.00} 2.003-0, 0003 0,001-0. 0001 <0.0003 0,3.0,03 0.1.0.00 0.01-0,001 0,003-0, 0003  0.001-0,.0001
T, NI . MO, &Y Ta,V ' Cu M Te .1 13 a, Mo,
Quastitative Asalysis: 60,3 w/oW (MIT) . <0,0003
Phasas ldentifiod by X 61.'1 v/oz MaaLabs, Inc.) 3, Cu
] nt =ray: W A
Met '.'.- phi _W ‘,".r ﬂ(u pn:(.:l?l) bedded in & 4 Q ! Analysis; 35.8 w/io W (MIT) .
. 8103 mateix, some sgglomaraticn, 35,3 w/o W (ManLabs, Iac.)
Bulk Deasity: . 4&?3 gma/em3 Fivse0 ldentified by Xoray: W {810 vitreous)

*Based oo linsal analysis and deneity (15.2-18 v/oW cbserved).

MATERIAL: Hf«20Ta-tMo, CODE (1-23)
SUPPLIER: Wah Chang Corp., Albasy, Oregon
Qualitative Analysis (Ruage w/

Matrel-AsE C o.L. '&!ﬁﬁ. lﬁ'ﬂ:)

>10 0.01.0,00) 0.00120,0001  <0,0001
ALTE Mo Y&, 1T 4,

'! .-. ;-' & Oy

Quantitative Analysis (MIT)
Eigment wlo

He 19.4

Ta 19.6

Mo 1,4

[ 0,0075 and 0.0078
Nominal Composition: H=19.7Ta=«E, 15 Mo (2. 4%Zr)

Phases ldentified by X«ray: $=Ta, a~Hi linas shifted, strongly

referred orientation (1" bar). J-Mf

YA s 31,474) (1/2" ban),

hhullo’.nplk Description: Récrystalliszed structurs of line @-Hi-rich
' Bar tas im feTa.rich matrin. Oid grains

and clearly visible.

Mmlhﬁ:m .Dcwliptlux : p;‘ll;-l'h .uln‘. .l:uh‘n:: ::.u- . ":.
A-Ta pl atr In sume regl

» lendrite-like structure appears from
staining & th! stchant,
13,47 gme/cm? (1" ban}

Bulk Deasity:
15.48 gma/cm3(1/2" bar)

Mstallographic Description: ¥ine W particles smbedded in a continuous
8(06 trix, Jome gl L
Bulk Density: 3,20 gme/cm

*Based on linesr analysis and deasity (5-6 v/o W obesrved).

MATERIAL: Ir/Graphite (Iridium coating on Poco Graphite), CODE (1-24)
SUPPLIER: Battelle Mamorial lastitute, Columbus, Ohio

Phases Identified by X-ray: Graphite (matrix), Ir (coating). In some
casas coating contained @-Fe;0y and looked
rusted in appesrance,

33 mils average oo length of specimens with
variations {rom 23, 8:53, 7 mils, 37,4 mils
average on top diameter with variations fxom
I’J-!l mil

10.3 gmsav .

Some inhomogeneities in coatings (such as
thinning at junctions, cracks and apotty sur-
fuce build up) in 7 out of 19 specimens,

Coating Thicknese (Battella):

Coating Waight (Battelle):
Radlographic Analysis:
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TABLE 14
SUMMARY OF DATA ON Ir/GRAPHITE(I-24) SUPPLIED BY
GENERAL TECHNOLOGIES CORP.

Specimen Coating Finished Visual Eddy Current
No. Thickness Diameter Inspection Thickness
{mils) (in.) [mils)
1 4,7 .512 l tree pit 5.55
2 4.4 .511 2 tree pits 5.15
3 3.5 . 509 no defects 4,95
4 3.8 .510 no defects, treed 5.065
5% 4.8 .512 <2.00
6 3.6 .510 1 tree pit 2,175
7 4.9 .512 no dafects 5.10
8% 3.8 .513 3,40
9 3.2 .509 3 tree pits 5.40
10 6.5 .515 excellent 5.20
11 3.9 .508 excellent 3.05
12% 1.3 .506 <2,00
12 4,3 .512 excellent 4,05
14 4.6 .511 excellent 4,60
15 4,1 .510 excellent 4,20
16 3.8 .508 no defects, treed 5.60
17% 3.1 .508 3.8
18% 2.3 .509 <2.00
35% 3.4 .509 3.05
46 5.7 .513 6.05
61% cam .508 <2.00
66 8.0 .518 excellent 6.00
69% - .520 4,85
T1% 1.3 ,509 2,00
T3% 0.8 . 506 <2.00
75 2.7 . 507 excellent 3.70
76 - ——— no defects, treed <2,00
*Samples considered rejects but supplied for evaluation,
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TABLE 15
SUMMARY OF NONDESTRUCTIVE TEST RESULTS ON ZrBZ {A=3)

Specimen Vi Density3 Per Cent IACS

Number inches/microsec gms/cm Top Bottom
Aw3nl 0.342 5.52 18,8 19.8
An3w2 0,346 5.56 19.6 19.6
Aw3a3d 0,345 5,59 19,6 19.4
Awled 0.348 5,65 19.3 19.8
A~3.5 0.346 5.59 19.3 19,0
An3wb 0,345 5.64 19.6 20,0
A=3e7 0. 345 5. 60 19.6 19.4
Aw3=8 0,346 5,63 19,7 - 20,0
Awl-9 0. 347 5,65 18,8 19.6
A-3~10 0,345 5,57 19.5 19,6
A=lall 0.347 5.48 19.2 19.4
A=3w12 0. 346 5. 61 19,7 20.2
Ae3=l3 0,343 5, 62 19,5 19.8
Aw3wld 0.342 5,62 19.8 19.7
Aw3nlb 0,339 - 5,86 19,1 19.4
A-3=l6 0.340 5,57 19.0 19.5
A=3al? 0, 343 5.64 i9.5 19.6
Ae3=18 0. 342 5. 61 18.8 18.9
A~=3a419 0.343 5.62 19.3 19.1
A~3.20 0,339 5.59 19.0 19.3
A=3.21 0.347 5.68 19,7 20,0
Aa3=22 0,346 5.75 19,5 20,0
A-3<23 0.350 5,64 19,7 19.7
A=3u24 0,346 5.60 19,2 19.7
An3e25 0,343 5,56 19,3 19.1
Aw3e26 0,344 5,67 19,5 19,6
Aa3-27 0. 344 5.58 19,0 18.8
A~3=28 0.343 5.61 19.3 19.3
Ae3-29 0.344 5.56 19.5 18,9
A~3-30 0.345 5. 60 19,3 18,2

T7
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TABLE }6
RESULTS FOR HiB, , (A-2) SPECIMENS FROM NDT EVALUATION

Longitudinal Veloc ityz

(inches /microsecond) Relative Eddy Current

60 KHz3 500 KHz3 8MHz4

Specimen!  Axial Radial

Designation Direction Direction Top Bottom Top Bottom Top Bottom
-2 0,264 0,303 15,1 10 8
-3 0,263 0.301 14.8 10 n 8 d
-4 0.265 0.309 14,8 7§ 10 e 8 >
-5 0,263 0.303 15,2 X 10 2 ¢ 8
-6 0,264 0,305 15,0 & 10 A, 6 .
-7 0.263 0.305 15,2 " 10 6
-8 0,265 0,303 15,2 v 10 % 6 ‘§
-9 0,265 0,309 14,7 E 10 10 o
=10 0,265 0.307 15.4 8 10 0 b ¥
-11 0.264 0,307 15,4 10 8
-13 0.263 0.301 15,2 15,4 10 10 8 8
wld 0,263 0,299 13,6 15,2 10 10 10 8
-15 0.263 0.303 15,2 14,7 10 10 10 10
«16 0,263 0,299 15,2 15,2 10 10 10 6
17 0.2%9 0,294 15,2 14,9 10 10 6 10
~18 0.265 0,301 15,2 15,3 10 10 6 6
«19 0,265 0,302 15,0 15,3 14 10 >100 10
«20 0,264 0,299 14,8 15,0 10 10 10 8
=21 0,268 0.311 14.6 15,1 195 18 80 44
22 0,265 0,305 15,4 15,2 10 10 6 6
-23 0.264 0,305 15,2 15,1 10 10 8 10
24 0.265 0. 301 15,0 12,8 10 18 1o 16

Average 0,264 0.303 15,0 14,9 10 11 116 12

Maximum 0.268 0.311 15.4 15,4 19 18 >100 44

Minimum 0.259 0,294 14.6 12.8 10 10 6 6

Range 3.6% 5.5%

1, End suirfaces not flat and parallel,

2. Velocity technique: through transmission; equipment = Arenberg PG 650=C
high voltage pulsed oscillator, General Radio power amplifier (20 KHe 1,5 MHz),
Tektronix 545A scope; frequency 1,0 MHz; accuracy = 1,0 per cent, presision
better than 1 per cent,

3. Eddy current technique for 60 KHz: equipment = Magnatest FM~100; precision
better than 3 per cent {+ 0,4),

4, Eddy current technique for 500 KHz and 8MHz: equipment = Boonton Metal
¥ilm Gauge Type 255A; precision bettar than 20 per cent (+ 1),

5, Surface not machined, -

6. Excluding the point >100,
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TABLE 16 (CONT)
RESULTS FOR HfBz. 1 (A-2) SPECIMENS FROM NDT EVALUATION

7

X-rays Dye Penetrant9

All specimers exhibit low density regions extending
radially from the axis at the specimen’s midsection8.

7.
8.
10.

Porous band around center of cylinders
Porous band around centet of cylinders
Porous band arvund center of cylinders
Crack along bottom edge approx. 1/4"
long. No porous band.,

Two small cracks along bettom edge,
Porous band around center of cylinder,
Crack at top approx. 1/5" long, Porous
band around center,

Porous band around center,

Porous band around centey,

Shallow crack at top. No poreus band.
Porous band anround center,

Small crack at top edge. Porous band
around center,

Crack along bottom edge approx, 1/4"
long, Porous band around center,
Porous band around center.

Severul shallow cracks, Perous band.

Several shallow cracks, Porous band.

Porous band around center,
Porous band around center,
Porous band around center,
Porous band around center,
Porous band around center,
Shallow crack, No porous band,

Porous band around center,
Porous band around center,

Dye penetrant technique: post emulsi

10 Specimen

Visual Inspection Designation
No cracks, Edges are (A~2) « 1
chipped,
No cracks. Edges are -2
chipped,
No cracks. Edges are -3
chipped,
No cracks. Edges are -4
chipped,
No cracks, Edges are -5
chipped,
Crack approx 1/8" long -6
at top near chip, Edges
are chipped,
No cracks. Edges are - 7
chipped,
No cracks., Edges are -8
chipped.
Shallow crack &t top. -9
Edges chipped.
No cracks, Edges are «l0
Ohlppﬂdu
No eracks, Edges are ell
chipped,
No cracks, Edges are «12
Ohippedo
No cracks. Edges are wl3
chipped.
Several shallow cracks, nl4
Edges chipped.
Several shallow cracks. =15
Metallic (copper?) part,
on cylinder surface.
Several shallow cracks. -16
Edges chipped,
No cracks, Edges are =17
chippod,
No cracks, Edgoes are =18
chipped,
No cracks, Edges are »19

chipped,

No cracks, Edges chipped «20
No cracka, Edges chipped w21
No cracks. Erdges chipped w22
Shallow crack, Edges chipped <24

X-ray radiographic technique: 1 Mevp, TI'D = 36", Eastman Type M film; 3
exposures for each specimen (2 radial at 0° and 909 and 1 axial),
Low denaity regions are attributed to 5reuing technique,

cation using Zygloe ZLi=22.

Visual ingpection employed 40X microscope, Anomaliea indelibly mdrked on

specimens, 19




TABLE 17
RESULTS FOR JTA (D=-=13) SPECIMENS FROM NDT EVALUATION

Longitudinal Vel, 2 Relative
(inches/microsecond) Eddy Current
L3
Specimen’ Axial Radial D00 KHz Alcohol Visual
DeaiFmtion Direction Direction Top Bottom Xwray Wipe Inspection6
Billet No,
sample No.
5/E/17/21 0.134 0.199 56
5/E[17=22 0.129 0.208 44
5/E[17a243 0,125 0,202 44 b w  Scratches on
P E end surface
5/El17«2-4 0.123 0.199 60 9 | K Chip along
H 2 ] inner diam.
5/ E/17=245 0.126 0,202 44 2 5 &  Flat spote
;.. 2 ™ some scratches
5/E/17<2=6 0.129 0,214 42 2 9 %  Discoloration
g “ g along inner edge
5/ ]17=2=17 0.128 0,200 58 S A U  Scratches on
0 0 end surface
5/E[17-2-8 0.127 0.189 62 4 Z  Discoloration
along inner edge
5/Ff17-2-9 0.121 0.185 70 Chips=1 end
5/El1742-10 0,123 0.191 68
Averag: 0,127 0.199 55
Maximum 0.134 0,214 70
Minimum 0.121 0.185 42
Range 10% 13.6%
1, End surfaces not flat and parallel, Surface contact poor. Ends slightly sanded

to facilitate measurements.

Velocity technique: same as used for HfB; ).

Testing not possible at 60 KHz, Conductivity outside range of test instrument,
Eddy current technique for 500 KHz: same as used for HfBj j; precision =+ 1
unit, =
X-ray radiographic technique: 120 kvp, 10 mA for 2 minutes, TFD = 60",
Eastman Type T (between A and M) film and 5 mil lead screens,

Visual inspection employed using 40X microscope,
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TABLE 18

RESULTS FOR JT0981 (F-16) SPECIMENS FROM NDT EVALUATION

Longitudinal Vel. 2 Relative
(inches/microsecond) Eddy Current

4
Specimen Axial Radial 500 KHz Alcohol  Visual
Designation Direction Direction Top Bottom X-rays~ Wipe Inspection
F-16 A
Billet No.
Sample No,
5/F/2/1-1 0.130 0.210 62 ' Flat spot along
outside wall
5/F/2/1-2 0.135 0.211 54 Flat spot along
outside wall
5/F/2/1-3 0.142 0.222 52 o - Scratching on
9 S o end surface
5/F/2/1-4 0.143 0.231 50 K 5 B Scratching on
fia] _g 2 end surface
5/F/2/1-5 0.138 0.226 52 M o 3 Scratching on
g 8 " end surface
5/F/2/1-6 0.140 0.214 60 g 9 % Scratches on
3 - d end surface
5/F/2/1-1 0.141 0.218 56 a S Small chip
) ° end surface
5/F/2/1-8 0.139 0.214 56 z Z
5/F/2/1-9 0.139 0.0220 50 . Small chip
end surface
5/F/2/1-10 0.139 0.220 56 Small chip
end surface
5/F/2/1-11 0.130 0.207 60 Small chip
end surface
Average 0.138 0.218 55
Maximum 0.143 0.231 62
Minimum 0.130 0.207 50
Range 9% 10. 4%

l. End surfaces not flat and parallel, Surface contact poor, kEnds slightly sanded
to aid measurements.

2. Velocity technique: same as used for H{B, .

3. Testing not possible at 60 KHz. Conductivity outside range of test instrument.

4, Eddy current technique for 500 KHz: same as used for HfBp ); precision = + |
unit.

5, X-ray radiographic technique: 120 Kvp, 10 mA for 2 minutes, TFD = 60",
Eastman Type T (between A and M) film and 5 mil lead screens.

6. Visual inspection . mployed 40X microscope,
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TABLE 19

NONDESTRUCTIVE TESTS OF WAVE SUPERHEATER MODELS

Samgle Code
ManLabs No./CAL No.

2:B, (A-3)-1-2

KTSiC (E-14)-1-8
KTSiC (E-14)-3-18
Hf-Ta=Mo (I-23)-4-19
W (G=18) Uncoated=-X-11
RVA (B-5)=X-5

67~473- 1

o U b W N

JTA (D=13)-X-7 7

JT0992 (F=15)=X«9 8

Hf-Ta=Mo (I-23)=1.12
HIB, ; (A=2)=X-1
HIB, + SiC (A-4)-X~4
PG (B-6)=X-6*

BPG (B=7)=X=10*
JT0981 (F=16)~X-10

6Twd74a

-

o v o W N

Z:B, (A=3)-24.3 7

Sn-Al/Ta-10W (G-19)-3-22 8

Hi-Ta~Mo (1-23)-2-0
Hf«TawMo (1«23)=3-0

KT SiC (E-14)-4-0
KT S5iC (E~14)-2-0

*"C"

No Test
No Test

No Test

No Test

axis perpendicular to cylinder axis.
82

Run Number

Cornments

Sting Number

Edges of bore are chipped
No Imperfections
No Imperfections
No Imperfections
No Imperfections

Large pit and porous area in
hemispherical cap

Contained high density flecks
through volume

Contained high density flecks
through volume

Tool marks on wall

Edges of bars are chipped

Edges of bore are chipped

Large pit a.ﬁd porous area on wall
Surface porosity, chipped basge

Contained high density flecks
through volume

Contained two high density flecks
300 mils from nose and one fleck
700 mila from nose. Edges of bore
are chipped,

No Imperfections

No Imperfections

Contained 40 mil diameter low
density region in front face

No Imperfections

No Imperfections

et




Samgle Code

TABLE 20

INTERNAL FEATURES OF WAVE SUPERHEATER MODELS
DISCL.OSED BY RADIOGRAPHY

Diameter/Length/Wall
Thickness (mils)

ManLabs No/CAL No,
ZrBz(A-S)-I-Z
KTSIiC (Ewl4)~1.8

KT SiC (Ee14)-3-18
Hf=TawMo (I=23)ad4~19
W(G=8) Uncoated-Xall

RVA (Ba5)=Xa5

JTA (Bel3)aXa7
JT0992 (F=15)eXa9
HfeTaeMo (I=23)~1al2
HIB, | (A«2)eXal

H{Bj + SiC (Acd)=X~4

PG (Beb)uXab **
BPG (B=~7)=Xa~16**
TT0981 (Felb)~X=10
ZrB, (A=3)~24-3

Sn~Al/TawlOW(Ge19)=3-22
Hf«TawMo ([23)n2«0"
Hf=TawMo (l23)=30%

KT SiC (Evl4)e4.0*

KT 8iC (Eul4)~2-0%

*All samples were hemispheri
latter were flat faced cylinders.
MHNCY axis perpendicular to cylinder axis,

{mils)
492/1021/139
488/1000/135

944/994/130
997/1167/129
491/992/152

488/996/112
489/957/125
490/945/96
491/1000/155
491/937/144

492/963/154

488/1061/122
490/836/157
488/946/141
492/989/163

1001/1001/ 146
1001/1062/122
503/943/110
491/1004/336

972/959/164

83

cal caps except those noted by asterisk. The

Commeants
— AT

Twentyefive mil protrusion
on inner wall of front face

Counter bore 1/8" diameter
1/16" deep

Inside of front cap is stepped
No defecta

Twentysfive mil protrusion
on inner wall of £ront face

No defects
No defects
No defects
No defects

Fifteen mil protrusion on
inner wall of front face

Twentyefive mil protrusion
inner wall of front face

No defects
No defects
No defects

Fifty mil protrusion on inner
wall of front face

No defects
No defects
No defects

Core drill islands at base of
hole

Core drill islands at base of
hole
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TABLE 21 P
1
RESULTS OF ACOUSTIC VELOCITY AND EDDY CURRENT
i
MEASUREMENTS FOR BORIDE AND BORIDE COMPOSITE ‘
HICH FLUX CYLINDERS
ACOUSTIC VELOGITY MEASUREMENTS ACOUSTIC VELOGITY MEASUREMENTS
Loagitulinal Transverne Loagitudinal Transverse
Wave ¥elogity Wave Velocily Attenuntion Wave Velocity Attenuntion
ot 1. OMHs [ B/ia atl.o (in/p soc) dB/in
{in/p sec) axial axial 8,0 15,0 uﬁ-lu sec) axial wiat 5.0 13,0
% anial radial  atl, OMHx a1, 25MHs MHs _ MHs _h‘lét&\,_d_ 3 radial MHs Mis
A2] Z1p3 (A3)
BPRAAD o oz cams  oams 2.0 HE %13 | 0.345 0.7
a 0,368 0.382  o0.178  0.178% .13 A4 0,381 0.3
-3 0.2  0.304  0.17 01788 ¥ A8 o.Ms 03T
- 0.2 0.206 0.1788 01T 47 -i 0.3 0.1
Average  D.27 0,284 0.1 0.1708 “eea Average 0. 347 0.3712
Maximue 0,272  0.206 0.8 0178 seee em 0,381 0,374
Misiuwm 0.3 0.23  0.176F 0178 weee Mistmum  0.345  0.37)
Raage ' 1.4 N anwees cmmn Range 0. ™ 0.0% 1.% coman anaw wenua
ZubglA-Y) ’ - 2rB,*
u;fE‘ ) o o oa oM L L2 HE 11 0,360 0.380 0,230 0.2 L33 L3
- 7 0. . . . .
o 0,387 0.1 U2 0,234 nn 0.93 Ky 4 51C (A7)
- 0.4 0.3 0.234 0,234 PR 0.9 RP 18 0290 0,302 0,184 0,189 619 12
Average 0388 0378 o3 0.2 ———— wmeee A9 0.290 0,302 0184 0.i89 5,50 8.8
! L ) . . g N Ty amnaa
Mininwm 0.384  0.370  0.3M [ 171 i nanes B, sA.q
Range : eae . veaen HF 20 0.a70 0,200  0,1738 0.1758 2,58 4.7
o L& L Al 0,269 0.279 0,173 01788 1L.08 2.2
Borida Z{A-~$) .
3 0. 0.as  0.20 1.1 2.3 e,
m:& §.:ﬂ :.3?: o.2% 828 g 1 HF 232 0,383 0,370 o021l 0.2 2.9 1.8
NI T R B I T
Lariniun 0387 0,34 0,23 0,24 e - 24 0384 0,400 0,341 0,284  1.67 L&
Mislees 0,350  0.380  0.334 . B
Range L% 1.0% LT soome i so *ManLiabe-Avao material,
4
EDDY CURAKNT RESPONSY EDDY GURRENT RESPONSE
% tcs %Acs
Material {060 Kils { = 500 KHa £ =8 MHs Muterial R85 £ = 500 XHa {n8 MHs
NS wj——Wllem 5 Bllam i Gotom o SR L N e
% 2283 (A=)
o VAP VISR i se ” r-ly 19,8 22,18 80 30 60 o
. 15,4 10,8 4 % 8 54 B 20.28 F T T 80 €0 Y]
3 18,4 183 4 W s 4 -is 19.7 w0 50 50 60 1
ot M4 2 s “ M 2 16 19,1 il 80 3 60 Yy
Aversge 14.9% 14.9 P . (11 3] Avarage 19.9 312,18 .- e - -
R N S fE gk B :oDoDC
'Y . . - .. . . ou - - aw
Range (8] 6 2% - . e 7.2% ange L™ 0, 6% oo - - aa
. zreB,*
;'J-‘.!“ » 31w oa oo u wr-tr TR .6 B0 2 & 0
- . . R Q HIB, + SICH -T)
) R R 0 0 ura .3 1o 46 o s 6
pesme 32 HLL - -8 4 -9 15,4 161 48 a8 N
n . . - -a
Mialmwn 22,78 3.7 = - a @ H(By (A=
: " - - N . HF-30 22,78 B3 8 0 & 62
Range Lis e gL 2 1 nle a1 Ft a
gk PRI y “ zem,"
o z:n :“ 1 2% “ nrda YT TR Y W 1 0 & 60
] L1 aar e 0 8 - Les; ¢ 1G1A-8)
Average Le 217 L 9 8o 4 Hr-ds 16.1 TR " 8
Mamimwn .82 2.0y 22 10 ¢4 “ 2 1.4 48 @ “w oo e
Misimem 1,76 208 2 s 1 "
Lange 0% 1.0% .- - . - .
ManLahs-Avco material,
i
84 ’
! .
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TABLE 22

.

3

oo v S SR

RESULTS OF VISUAL, DYE PENETRANT AND RADIOGRAPHIC
INSPECTIONS FOR HYPEREUTECTIC CARBIDE BILLETS
AND HIGH FLUX CYLINDERS

HYPEREUTECTIC CARBIDE SILLETS

Vieual Inspection
Material Biliet No, of Buriacse
HIC + C 1400A Small voide
{€-11) 14008 Good
14024 Slight laws
14028 Bugbl.u, volds
1402C Good
1403A Small voids
14154 Hale on end
14188 Yolds
1415C Bubbles, volds
1406a Slight flawse
14lén Valde
1416C Cood
14224 Good
ZrC + C 1408A Small volde
{C-12) 1419A Small voids
4198 Small voids
1420A Small voids
L4474 Small voids
L4478 Holes
1467C Small voids
‘- Al '

grap apptied by Baitelie Memorial Jnstl

l.-llo.upllc
Inspaction

Internal gas holes
b

all pl £ on
No lm!'-:l valde .
Small pipe 1/2" long
Senatl pipe 1/4" long
Small gas hale nesr end

Poassible gas holes
No interasl volde
Possible gas boles
No iatezaal volds

Possible gas boles
Small pipe
Possible gas holes
No interaal volds
Internal pi,

No intersal voids
No latersal voids

B—OWR & w

——

Al L

T
Peastrant

Porous sids wall

Scale on troat

Crack on side wall

Haeavy porosity at
Junction of Iroat lace
and side wall

Crack in costing

Scaie and porous
spots on slde wall
Extreme poroasity
throughoul specimen

Ir/GRAPHITE {i-24) SPECIMANS

hﬂlﬁx‘

Low density {this coating) &
waction of freat face.
deaaliy at jumation ol from

{ 1Y
x';n dansity at jundtion of frest
iace, .
lhuulil‘y thick canting.
No significant ations,
No sigalficamt ations.

No signiticant indisations.
Crack 8t bettam of side wall

swtonding latn hola.
No -u-'lfwm muuu.

No sigaificant indications.
l;u'l.::. cragk Ia conting,’ Wb=
strats appeara s
No sl ant m.
Rouch beavier o

uc # ¢ A .
No eignificaat l::hu.liub
lp-a:. suriace bulldeup of
coating,
Spotty surfsce bulld=up of
coating,
Heavier costiag.

No sigsificam indications,

exhlbit porasity at

VISUAL AND FLUGRESCENT PENETRANT TESTS

r r it
Material Visual Pangtrant Penatrant
ookt 2 o 0 0
HIB, (A3}
H¥ -'l‘ chipped edgus no cracks lazge srecks
-2 chipped edger B0 eracke fias cracke
-3 chipped edges po aracks
-4 chipped sdges B0 cracks
2rn, {A=3)
-8 d edges no cracks not tested
-t poed ages a6 ctachs wet tasted
«1 ped edges 20 cracks not tested
| pped edger a0 cracke act tested
Boride 2 {A.8)
HF -9 1/8" arack on 1/8 crackon
face, chippededga lace
«18 chippad edges a0 dracke
«i1 °"‘?P" edger D cracks not tested
=32 12 1arge chip 8o oracks not tested
ZrB3 (A-3)
HF »1) chipped adges 0 cricks 2ot tested
-l4 chipped adges Ne cracke not tested
-1 chipped adges no cracks not tosted
wlé chipped edges w0 aracke
ZeBy
Hr .17 ohipped edges, micsocrachs st tine cracks
microcracks sige
HB2HIC (A=T)
HE 18 chipped sdges a aracke fins cracks
-19 chipped sdgas w0 cracks ot teotud
‘Mn]..ah-hvao material,

Material
Tcoe
HBy(Anb)
g
=21

lll"
HY -2

LeB481C (A-8
i Vrad
e
HIBRHOIC (A= 4
HNC (-

HIBy ¢ BIC (A-4)
HE 38

T
EY]
-3

Juaction of froat face and slde wall.

1 .

¥ ¥ L
Yaml. et rtiee
ahipped sdges,  crecke ot bothfaces ot tasied
microcraeis
chipped edges  wa crachks fing cregka
chipped eiges 20 e TACKS et tesiad
chipped sdges 80 g recke nat tosted
chipped i“:n 0 CTOCRS
POLOUS hame ot tasted
porous band ot tented
porous band acerachks
parous band a0 cracks
a0 cracke
s cracks
A0 craths
AD cracks
cischad
ne cracks
fiwe cracks
large orach
"o sreght
1azge c¥ach

*ManLabs-Aveo material,

85

[N e

v

o e
[




TABLE 22 (CONT)

COMPILATION Of EDDY CURRENT MEASUREMENTS OF

IRIDIUM COATINGS ON GRAPHITE (I-24)

SUPPLIED BY BATTELLE MEMORIAL INSTITUTE

Saomﬁle No.

Calibxation
A (9.0
B (24.0)
c (31,0)
2% 14,0)
3% (21,0)
gee (2229
11 18,0)
16%*  (25,5)
17 (24,0)
18 24,0)
23 24.0)
24 14,0)
25 18,5)
27 (23.0)
29 (20.0)
30 (24.0)

Thickness
mils

10 (measured)
20 (measured)
30 (measured)

24 (estimated)®
15 (estirnated)
14 (estimated)
16 (estimated)
16 (estimated)
14 (estimated)
16 (estimated)
16 (estimated)
12 (estimated)
16 (estimated)
16 (estimated)
19 (estimated)
16 (estimated)
27 (estimated)

Predicted

Thickness

Based on
Eddy Current
Measurement

xils)

14
17
18
15
21
20
20
20
14
15
18

20

Comments

Exposed 11M
Exposed 1 6M
Exposed 1 7R

Exposed 24R.

Exposed 3R

*Estimated from Table 13 on the assumption that coating thickness equals 1/2

length thickness,

**Denotes rough or irregular surface, Eddy current reading may be doubtful,
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